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XABSTRACT
A palaeomagnetic study of Australian rock formations which are 
pertinent to certain problem areas (specifically the early Late 
Palaeozoic and Mesozoic palaeomagnetism of Australia) is presented.
The results from many rock formations which have not previously been 
investigated are reported along with new results from some rock 
formations which have been previously investigated.
Combining these new results with some of the earlier results 
provides a clearer picture of the history of the Earth’s magnetic 
field in Australia during the Late Palaeozoic and Mesozoic. There is 
evidence, both geological and palaeomagnetic, that results from some 
formations, particularly sedimentary formations, are best interpreted 
as indicating widespread remagnetisation due to weathering probably 
in the Oligocene and Miocene.
In the framework of plate tectonic theory the reconstruction of 
the Gondwana continents following Smith and Hallam (1971) is supported 
by palaeomagnetism for the times investigated (until fragmentation in 
the late Mesozoic) although the reconstruction of continents around 
the Atlantic following Bullard, Everett and Smith (1965) is not, 
except perhaps for the Late Devonian to Early Carboniferous and Late 
Triassic to Middle Jurassic.
A summary of palaeoclimatic evidence from the southern continents, 
India, North America and Europe agrees well with the latitudes of these 
continents as indicated by their palaeomagnetism. The transgression 
of late Palaeozoic glacial conditions across Gondwanaland is convincing 
evidence that the axial geocentric dipole hypothesis is correct for
the late Palaeozoic at least.
xi
Using palaeomagnetic results from continents surrounding the 
Indian Ocean for the Late Mesozoic, additional constraints are placed 
on the plate motions during the early dispersion of Gondwanaland. The 
dispersal scheme suggested is not in conflict with what is known from 
the Indian Ocean and slight discrepancies can be attributed to 
uncertainties in the data set.
xii
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Chapter 1 
INTRODUCTION
1.1 PALAEOMAGNETISM AND PLATE TECTONICS
Earth scientists world-wide are now aware of the revolution in 
geological thought that has recently occurred, concerning processes 
which manifest themselves as familiar features on the surface of our 
globe. Perhaps the greatest change in ideas has involved the 
formation of the oceans, once thought to contain some of the oldest 
rocks but now regarded as having formed late in the Earth’s history. 
Indeed, it is now known that the ocean floors are ephemeral features 
and the age of the oldest rocks of the present ocean floors are only 
a fraction the age of some types of continental rocks. Oceanic 
basalts are now understood to have formed along mid-ocean ridges, 
being differentiates from the asthenosphere which is the mechanically 
soft layer underlying the rigid lithosphere. The ocean floors thus 
spread laterally away from this zone of accretion, gliding on top of 
the asthenosphere. The idea of sea-floor spreading is usually 
attributed to Dietz (1961) or Hess (1962) although Holmes hinted at 
the concept as early as 1931. It is often difficult to credit an 
hypothesis to one of many workers in a discipline although Hess (1962) 
first laid down the basic premises of sea-floor spreading and as such 
might properly be regarded as the concept’s chief formulator. The 
validity of spreading has since been proved by magnetic reversal 
correlation (Vine and Matthews, 1963). More recently a number of 
investigators eg. Morgan, 1968 and Le Pichon, 1968, have utilised 
this hypothesis to develop a global picture to explain the first order 
features at the surface of the Earth. The lithosphere is comprised 
of a. number of rigid plates (50-100 km thick) which are separated by 
linear features such as mid-oceanic ridges, transform faults (Wilson,
21965), and trenches. The distribution of these plates is virtually 
independent of the distribution of the oceans and the continents with 
most major plates having as much continental as oceanic surface. 
Exceptions to this are the Pacific plate, which is entirely oceanic, and 
Eurasic which is mostly continental. The theoretical evolution of 
plates has been examined by McKenzie and Parker (1967) and McKenzie and 
Morgan (1969). Because plates are in relative motion their junctions 
are stable only in special cases and are more likely to be time varying. 
The geometries of seven tripole points, each with a possible example in 
the Pacific Ocean today, are given by McKenzie and Morgan (1969).
Since the Earth’s surface is continually being created it must 
also be destroyed, by either active removal or shortening processes, 
unless the Earth is expanding. Earth expansion of the scale required 
is upheld by a few workers (Carey, 1958a; Hilgenberg, 1962; van Hilten, 
1964, 1968 and Heezen, 1960) although the majority of workers prefer 
much smaller values of expansion (Egyed, 1963) or none at all. This 
leads to the concept of subduction. This process, which produces 
trenches at convergent plate boundaries, has been invoked to explain 
many geological, geophysical and geochemical observations. As plates 
converge from different growth zones they collide and depending upon 
the characteristics of these plates a number of different situations 
are possible. These have been examined by Dewey and Bird (1970) who 
successfully applied their model to the geological evolution of the 
eastern North American continent. Continents, when involved in plate 
collision are not subducted with the ocean floors because of the 
density contrast between these two constituents of the lithosphere 
(McKenzie, 1969) . This bouyancy is the explanation for the very 
existence of continents. If converging plates, both carrying 
continents, subsequently collide, a mountain belt, or orogen, might 
evolve. These all embracing ideas of sea-floor spreading, continental 
drift and subduction are combined to yield the theory of plate
3tectonics (McKenzie, 1969) .
The concept of continental drift (or relative motion between 
continents) is usually thought to have originated from Taylor (1910) 
and Wegener (1912) although Meyerhoff (1968) proposes it dates from 
earlier workers, ie. Suess (1909) and Humboldt (ca. 1800 in Blackett, 
1965). However, it was not widely accepted by scientists until 
relatively recently, when motions of continents were able to be 
measured quantitatively and assessed independently of the qualitative 
classical evidence. The branch of geophysics that provided such a 
method was palaeomagnetism and marine magnetics. By directly 
measuring the ancient magnetisation acquired by rocks at the time of 
their formation, and calculating the corresponding palaeomagnetic 
poles, estimates of the fossil axes of the Earth’s rotation may be 
obtained. From these, relative motion between continental blocks 
have been implied. This is known as the polar method. Another 
method utilises the fact that the Earth’s magnetic field has reversed 
its polarity many times throughout its history (Cox et al> 1963).
By indirectly measuring the ancient magnetisation of the ocean floors, 
the motion of continents can be traced by correlating the resulting 
magnetic anomalies either side of the mid-oceanic ridge. Land based 
palaeomagnetism and geochronology of young basalts has enabled a 
reversal time scale to be constructed (Cox et al3 1963, 1964; Doell 
and Dalrymple, 1966; McDougall and Chamalaun, 1966) and from this, 
rates of spreading along ridges can be determined. Although this is 
directly applicable only to the ocean floors younger than 4-5 My, 
these rates have been extrapolated (Vine, 1966 and Pitman and 
Heirtzler, 1966) to give rough estimates of the age of disruption 
of continental blocks. This method, called the reversal method is 
more restricted than the polar method, in that it only pertains to 
the ocean floors, which are generally less than 200 My old. For
4information of continental motions prior to the last 200 My (ie. for 
both the Palaeozoic and Precambrian) the polar method has been used 
with a good deal of success (Irving, 1964 and McElhinny, 1973).
As well as the polar and reversal methods used by geophysicists 
to reconstruct continents to their pre-drift positions, a number of 
workers have used computer techniques to match continental outlines 
(generally taken as the 500 or 1000 fathom isobath) and determine the 
best fit between continents. Using this method Bullard et dl (1965) 
were able to reconstruct the continents around the Atlantic.
Similarly, Sproll and Dietz (1969) have achieved a good fit between 
Australia and Antarctica. Smith and Hallam (1970) produced 
essentially an identical result and extended their analysis to 
include all the southern continents and India (Gondwanaland).
These three independent methods yield essentially the same 
reconstructions apart from a few discrepancies, which might only be 
the direct result of the lack of some data. An example of such a 
discrepancy was the palaeo-position of Madagascar with respect to 
Africa, which has been a point of contention with Flores (1970) and 
Kent (1973) supporting its fit against the Mozambique coastal region 
of south east Africa, and Smith and Hallam (1970) preferring the 
island to be originally placed off the east African coastline of 
present day Tanzania and Kenya. This has apparently been resolved 
by the recent palaeomagnetic work of Embleton and McElhinny (1975), 
Razafindrazaka et dl (1976) and McElhinny and Embleton (1976) who 
each produce evidence to support the computer fit by Smith and Hallam 
(1970).
The palaeo-position of the Indian subcontinent in Gondwanaland 
has also been the subject of many reports. Veevers et dl (1971) 
place India off the Western Australian coast to satisfy geological
5conditions while Smith and Hallam (1970) place it further south. 
Sea-floor spreading data from the Indian Ocean are not adequate to 
enable the complete closure of the ocean although McKenzie and 
Sclater (1971) have produced reconstructions for 36 My, 45 My and 75 
My ago. Discussing the 75 My reconstruction McKenzie and Sclater 
state that ’it is not clear' to them how this arrangement of fragments 
evolved from the Smith-Hallam model. However, they also add that 
'it is unlikely that major errors are present' in the Smith-Hallam 
model. Evidently more data are required to resolve the intricacies 
of the early evolution of the Indian Ocean.
The main emphasis of the present investigation is to attempt to 
resolve some inconsistencies between reconstructions involving 
Australia, using sea-floor spreading results, matching of continental 
shelf morphologies and palaeomagnetic data for the Australian 
Mesozoic. This is discussed further in the following section.
1.2 BACKGROUND TO PROJECT
Previous Work: This study involves the re-examination of
Australian palaeomagnetic data for Late Palaeozoic and Mesozoic 
times, spanning the interval 380-65 My ago. Some of the earliest 
work in Australia carried out by Irving (1956, 1957) and Irving and 
Green (1957, 1958) did not involve magnetic cleaning techniques 
(Section 1.4) and as such are treated as preliminary studies. Initial 
Australian Mesozoic palaeomagnetic data were critically reviewed by 
Irving et at (1963) while Irving and Parry (1963) and Irving (1966) 
have interpreted data from rock formations of late Palaeozoic age.
The most recent review by McElhinny and Embleton (1974) gives their 
interpretation of all Australian data from Phanerozoic rocks available 
prior to the commencement of this study.
6Geological Setting: The geological history of southeastern
Australia has been comprehensively documented in classical terms by 
Brown et al (1968). For instance, they talk of New Zealand being 
’severed as the Tasman Orthogeosync line of eastern Australia passed 
through orogenic phases and became stabilised’. Oversby (1971) 
provoked many geologists to re-interpret their data by relating the 
general geology of the southern part of the Tasman Geosyncline in 
terms of plate tectonics. Solomon and Griffiths (1972) expanded on 
Oversby's model and introduced the term Tasman Orogenic Zone to escape 
the classical implications of a geosyncline. Scheibner (1972) has 
also followed this theme and more recently Cooper (1974) has proposed 
large scale horizontal displacements of regional blocks, during 
Silurian or earliest Devonian time, after comparing the geological 
histories of New Zealand and southeastern Australia. It appears that 
the geological history of this region of Australia has been complex 
no matter which gross tectonic model is used to explain the salient 
geological features.
Serpentine belts are usually linear belts comprised of mafic 
and ultramafic rocks which are suggestive of the presence of 
ophiolites (Coleman, 1971). These have been interpreted as representing 
former oceanic crust, probably emplaced along consuming (either 
subducting or obducting, Dewey and Bird, 1971) margins during the 
process of plate collision. The Tasman Orogenic Zone contains a 
number of these belts that tend to young in an eastward direction, 
towards the present coastline (see Fig.1.3.1). They range in age from 
Cambrian to late Palaeozoic. Embleton et al (1974) have discussed 
the Australian Palaeozoic palaeomagnetic data in the light of these 
belts possibly representing ancient plate margins and have explained 
discordant palaeomagnetic data from southeastern Australia within 
the framework of plate tectonics.
Palaeozoic Data: McElhinny and Embleton (1974) first
emphasised the importance of the distribution of sampling sites in 
Palaeozoic rocks of southeastern Australia. Most sampling localities 
lay east of a serpentine belt (that they refer to as the Nyngan- 
Kiandra serpentine belt) whose suggested age is Siluro-Devonian 
(Brown et al, 1968). They also note the apparent convergence of 
polar wander curves derived from this region with the curve derived 
from more stable regions of Australia ie. northern and central 
Australia (see Fig.1.2.1). Embleton et at (1974) suggest that the 
Silurian and Devonian data derived from southeastern Australia refers 
to a separate crustal unit prior to the time of welding to the main 
plate assemblage. To reconcile all the data (geological and 
palaeomagnetic) a large amount (90°) of relative rotation, about an 
axis of rotation close to the small plate, is required. This 
situation is assumed to be analogous to the Tertiary rotations of 
Corsica (42°), Sardinia (74°), Spain (30°) and Italy (52°) in 
southern Europe. It remains for a Devonian palaeomagnetic pole for 
the Australian platform to be established, to test this hypothesis 
by Embleton et al (1974), who based some of their conclusions on an 
interpolated pole position.
Most Carboniferous and Permian palaeomagnetic data produce a 
group of poles just south of Australia (Fig.1.2.1). All these are 
derived from rocks in eastern Australia but there does not appear to 
be large discrepancies with data from other continents, which might 
indicate that rotations related to the accretion of crust, associated 
with the Nyngan-Kiandra serpentine belt, had ceased. However, 
further east, the Great serpentine belt was thought to have been 
active at this time and probably caused some jostling between small 
blocks in the vicinity of the plate margin. As evidence of this 
McElhinny and Embleton (1974) point to the larger than usual scatter
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F i g . 1 .2 .1 The Australian Phanerozoic Apparent Polar Wander (APW) path.
9in the results from the Visean volcanics of the area, studied by 
Irving (1966) and Luck (1973).
Mesozoic Bata: Several Australian Mesozoic rock bodies
received palaeomagnetic attention over a decade ago (Almond et al9 
1956; Irving, 1956, 1963; Boesen et at, 1961; Robertson and Hastie, 
1962; Robertson, 1963 and Stott, 1963), however no further 
investigations have been reported since. These rock types embrace 
sedimentary and igneous units which lie within the southern portion 
of the Tasman Orogenic zone representing a small part of the 
Australian continent. They yield results which have long been 
documented as anomalous (Irving and Robertson, 1969; Creer et al3 
1969 and McElhinny and Embleton, 1974) . The mean pole position 
calculated from those investigations not only gives anomalously high 
palaeolatitudes (Embleton, 1973) but is also significantly different 
from poles of similar age from the other continents which constitute 
Gondwanaland. The major inconsistency exists between the results 
reported by Irving (1963) (first studied in 1956) for the Tasmanian 
dolerites and the results of Bull et at (1962) for the Ferrar 
dolerites from Antarctica. Although those dolerites have been shown 
to be similar in age (McDougall, 1963) and closely related chemically 
(Compston et al3 1968), their respective pole positions remain quite 
distinct after rotation of Australia and Antarctica to their pre-drift 
positions as predicted by geometrical and geolocial constraints 
(Sproll and Dietz, 1969 and Smith and Hallam, 1970) (see Fig.1.2.2).
Griffith (1971) has suggested relative motion of Tasmania prior 
to the intrusion of the Tasmanian dolerites as an explanation. On 
the other hand Francheteau (1970) considers the results of the Ferrar 
dolerites to be at fault. These explanations are unsatisfactory. 
Firstly, results from several Mesozoic rock formations from mainland
AUSTRALIAN MESOZOIC POLE POSITIONS-mean ANTARCTIC
pole rotated
Australia
FERRAR
DOLERITE
TASMANIAN DOLERITE
F i g . 1 .2 .2 The Australian Mesozoic pole positions prior to the 
commencement of this study.
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Australia are in good agreement with the results from Tasmania 
(Irving et al3 1963) and consequently any motion relative to 
Antarctica at that time would presumably also have involved this 
portion of the mainland. Results from leg 27 of the D.S.D.P. do not 
clarify the Mesozoic problem. Mesozoic basalts from bore-cores off 
the north-west shelf yield a pole locus consistent with the southeastern 
Australian data whereas bore-core material drilled off the Perth shelf 
yields a pole locus consistent with the Ferrar dolerite pole of 
Antarctica (McElhinny, 1974 and McElhinny and Embleton, 1974). A 
clockwise rotation of the Australian Mesozoic pole position of almost 
15° about a pole of rotation at 131°E, 39°N is required to reconcile 
the data. This appears to be an highly improbable solution from 
geological considerations. Secondly, there appears to be no reason 
to doubt the results obtained from the Ferrar dolerites since they 
are internally consistent and also show good agreement with results 
from Africa, Arabia, India and South America (Creer, 1970 and 
McElhinny and Embleton, 1974). No attempts have been made to explain 
this data in terms of tectonics similarly to that proposal by 
Embleton et al (1974) previously mentioned concerning Palaeozoic 
results. McElhinny and Embleton (1974) conclude 'the palaeomagnetic 
results for the Mesozoic of Australia therefore continue to remain 
enigmatic'.
1.3 APPROACH TO PROJECT
As noted earlier, all late Palaeozoic and Mesozoic rocks 
previously studied, have been located in eastern Australia, and 
particularly southeastern Australia (Fig.1.3.1). This region is 
known to have undergone a complex geological history during the 
Phanerozoic, unlike the more stable crustal assemblage to the west.
AUSTRALIAN PHANEROZOIC SAMPLING SITES
BONAPARTE 
.. GULF BASIN
CANNING BASIN
AMADEUS BASIN
CANARVON
BASIN
.Perth Basin sediments Telford and 
Springfield 
Basin sediments
G arrawllla 
volcanic.
Gibraltar syenite. 
Glngenbullen dolertte '
PERTH 
i BASIN
Collie Basin 
„  p coal measures Kangaroo 
Island baeaiuBun bury basalt K|
WesternVIctorlan batoll K| Mf Dromedary 
. complex
OPEN SYMBOLS -  NEW SITES
-  OLDCLOSED 
CAINOZOIC SITES OMITTED
Victorian vokanlcs
King Island dykes
Housetop Granite Du Tasmanian dyke 
Tasmanian dolertte
F i g . 1 .3 .1 Sampling sites in Australia for (Phanerozoic) rock units, 
(excluding Tertiary sites) . Sites sampled during this study are 
labelled.
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The a p p a re n t  su c c e ss  ach ieved  by ap p ly in g  p l a t e  th e o ry  to  some 
anomalous P a la e o z o ic  r e s u l t s ,  su g g es ted  t h a t  pe rhaps  a s i m i l a r  
a n a l y s i s  might be a p p l i c a b l e  to  th e  a p p a re n t ly  anomalous M esozoic 
r e s u l t s .  However, c r u s t a l  movements a f t e r  o r  d u r ing  th e  fo rm a t io n  
o f  th e  Mesozoic ro c k s  s tu d ie d  would p ro b ab ly  have a f f e c t e d  r e s u l t s  
from nea rby  P erm o-C arboniferous ro ck s  as  w e l l .  T h is  ap p ea rs  n o t  to  
be th e  case  s in c e  th e s e  r e s u l t s  a r e  in  good agreem ent w ith  th o se  from 
e lsew h ere  in  A u s t r a l i a  and o th e r  so u th e rn  c o n t in e n t s .  They a r e  in  
p a r t i c u l a r l y  good agreem ent w ith  th o se  from South America (Embleton,
1970 and Thompson, 1972) from where th e  bu lk  o f  Permian r e s u l t s  a r e  
d e r iv e d .  T h is ,  and g e o lo g ic a l  e v id en ce ,  su g g e s ts  t h a t  a p l a t e  
t e c t o n i c  s o lu t i o n  on th e  s c a l e  r e q u i r e d  i s  u n l i k e ly .  The m a jo r i t y  o f  
Mesozoic rocks  s tu d i e d ,  o u tc ro p  w i th in  a few m ile s  o f  th e  P a c i f i c  
Ocean su g g e s t in g  t h a t  pe rhaps  some c o a s t a l  e f f e c t  (warping o r  t i l t i n g )  
may have been o p e r a t iv e .  However, once ag a in  g e o lo g ic a l  ev id en ce  and 
th e  lack  o f  a s u i t a b l e  mechanism makes t h i s  l i n e  o f  r e s e a r c h  
u n a t t r a c t i v e .  The p o s s i b i l i t y  o f  a th e rm al r e m a g n e t i s a t io n  e v e n t ,  
p o s s i b ly  connec ted  in  some way to  the  s e a - f l o o r  s p re a d in g  in  th e  
Tasman Sea (Hayes and R in g is ,  1973), has been c o n s id e re d .  T h is  approach 
to o ,  i s  u n s a t i s f a c t o r y  s in c e  r a d io m e t r i c  ages do n o t  ap p ea r  to  have 
been r e s e t  and Permian la v a s  s tu d ie d  by I rv in g  and P a r ry  (1963) y i e l d  
p a laeo m ag n e tic  r e s u l t s  co m p a tib le  w ith  o th e r  Permian r e s u l t s ,  y e t  
q u i t e  d i s t i n c t  from the  Mesozoic p a laeo m ag n e tic  r e s u l t s .  In any c a s e ,  
some o f  th e  Mesozoic rocks  ( s tu d ie d  by Boesen e t  a l 3 1961) o ccu r  50 km 
in l a n d ,  which makes a r e g io n a l  r e h e a t in g  model l e s s  a t t r a c t i v e .
From th e  above c o n s id e r a t io n s  i t  seemed a lo g i c a l  s t e p  to  confirm  
(o r  o th e rw is e )  t h a t  th e  Mesozoic r e s u l t s  from s o u th e a s t e r n  A u s t r a l i a  
were a l s o  a p p l i c a b le  to  th e  rem a inder  o f  th e  c o n t in e n t .  I t  was 
c o n s id e re d  n e c e s s a r y ,  t h e r e f o r e ,  to  ex tend  p a laeo m ag n e tic  sam pling  to  
th o se  re g io n s  which may be p r o p e r ly  d e s c r ib e d  as hav ing  m a in ta in e d
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t h e i r  s t r u c t u r a l  u n i t y  w ith  th e  main s h i e l d  a r e a s .  These s h i e l d  
a r e a s  a re  rimmed to  th e  west and n o r th  by deep sed im en ta ry  b a s in s  
( F i g . 1 .3 .1 )  c o n ta in in g  th i c k  sequences  o f  P a la e o z o ic  and Mesozoic 
r o c k s .  Both c o n t in e n ta l  and m arine sed im ents  a r e  r e p r e s e n te d .  These 
a r e a s  have n o t  s u f f e r e d  s ev e re  te c to n is m  and most sed im en ts  a r e  e i t h e r  
in  t h e i r  p r im ary  a t t i t u d e s  o r  o n ly  m i ld ly  fo ld e d .  The sequences o f  
th e  P e r th  B as in ,  Canarvon Basin and Canning Basin o f  Western A u s t r a l i a  
have been e x t e n s i v e ly  com m ercia lly  ex p lo re d  as p o t e n t i a l  o i l  and gas 
b e a r e r s .  The P e r th  Basin forms much o f  th e  w es te rn  c o a s t l i n e  o f  
A u s t r a l i a  and i s  th o u g h t  to  have rem ained con t iguous  w ith  p la t fo rm  
A u s t r a l i a  s in c e  fo rm a t io n .  T h is  has  been dem onstra ted  by Embleton and 
G iddings (1974) who i n v e s t i g a t e d  th e  palaeom agnetism  o f  th e  Lower 
P a la e o z o ic  Tumblagooda S ands tone .  The pa laeo m ag n e tic  p o le  y ie ld e d  by 
th o s e  beds i s  c o n s i s t e n t  w ith  Lower P a la e o z o ic  d a ta  from n o r th e r n ,  
c e n t r a l  and s o u th e rn  r e g io n s  o f  th e  p la t fo rm  (McElhinny and Embleton, 
1974 and Embleton and G idd ings ,  1974). In a d d i t io n  to  th e s e  sed im en ts ,  
sm all o u t l i e r s  o f  Upper P a la e o z o ic  c o a l - b e a r in g  sed im ents  occur in  
d e p re s s io n s  w i th in  th e  P recam brian  c r y s t a l l i n e  basement e a s t  o f  th e  
P e r th  B as in . An E a r ly  C re taceous  b a s a l t  a l s o  o u tc ro p s  in  th e  P e r th  
Basin which has been d a te d  r a d i o m e t r i c a l l y  by Wellman (1971) as b e ing  
90-100 My o ld .  These f e a t u r e s  o f  th e  P e r th  Basin and su rrounds  made 
i t  an a t t r a c t i v e  sam pling l o c a l i t y  to  beg in  i n v e s t i g a t i o n s .  Two f i e l d  
t r i p s  were c a r r i e d  ou t in  th e  P e r th  Basin and th e  C o l l i e  Basin ( to  th e  
e a s t ) . A d d i t io n a l  f i e l d  t r i p s  in  South A u s t r a l i a ,  V i c t o r i a ,  Tasmania 
and New South Wales were u n d er ta k en  as th e  n e c e s s i t y  a ro s e  to  p ro v id e  
more p a laeom agne tic  coverage ( F i g . 1 . 3 . 1 ) .  The r e s u l t s  a r e  d e s c r ib e d  
in  th e  a p p r o p r ia t e  s e c t i o n s .
The p a u c i ty  o f  Devonian p a laeo m ag n e tic  r e s u l t s  f o r  Gondwana 
c o n t i n e n t s ,  and th e  d i f f i c u l t i e s  (o f  bo th  r e m a g n e t i s a t io n  and t e c t o n i c  
o r ig i n )  in v o lv ed  w ith  th e  i n t e r p r e t a t i o n  o f  some A u s t r a l i a n  r e s u l t s ,
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necessitated the further investigation of Devonian rocks from regions 
believed to have remained stable since this time. Most Siluro- 
Devonian results from southeastern Australia were derived from rocks 
occurring east of the Nyngan-Kiandra serpentine belt. In view of the 
problems in elucidating the tectonic history of this region it was 
decided to avoid sampling here for this new investigation. Other 
results from Australian Devonian rocks ie. the Housetop Granite of 
Tasmania (Briden, 1967b) and Dotswood redbeds of north Queensland 
(Chamalaun, 1968) occurring outside this region have been interpreted 
as having been remagnetised since their formation. McElhinny and 
Embleton (1974) however suggest that alternatively, the magnetic 
directions obtained from the Housetop Granite may well be original 
with the directions measured in surrounding sediments resulting from 
reheating during the intrusion of the granite. In the light of this 
and the fact that the Housetop Granite is remote from the anomalous 
region, it was considered desirable to collect more samples and test 
the magnetic stability which originally was not carried out.
The Devonian lava sequence of Victoria (whose NRM characteristics 
were previously examined by Green, 1959) and the red limestone reef 
complex in north Western Australia also fulfil the geographical 
requirements. These have been sampled and the results are reported 
here. Green (1959) also measured the NRM of redbed sequences in 
Victoria and New South Wales but concluded they had been remagnetised 
on the basis of between site variation (Watson and Irving, 1957) and 
of a fold test (Graham, 1949). Six samples from the Victorian redbeds 
near Mansfield were given to me by the Geology Department of the 
University of Melbourne to assess their thermal demagnetisation 
characteristics. They had been roughly oriented for palaeocurrent 
determinations so estimates of their palaeomagnetic directions and 
degree of between sample agreement could also be made. The sample
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directions however, failed to reach stable end points (during thermal 
demagnetisation), so the results were inconclusive. Although a more 
extensive survey might reveal original (primary) directions, no more 
samples were investigated during the present study.
1.4 EXPERIMENTAL PROCEDURE AND TECHNIQUES
Geomagnetism: Historically the properties of lodestone
(magnetite) have been known by the Chinese since at least the second 
century B.C. (Needham, 1962). In Europe, hundreds of years later the 
qualities of magnetism were first recorded in a scientific treatise 
by Petrus Peregrinus in his Epistola de Magnete of 1269 (Smith, 1970) = 
His greatest contribution was to establish the dipole nature of the 
magnetic field associated with a lodestone sphere. It was not until 
1600 that William Gilbert in De Magnete concluded that the Earth's 
magnetic field is also dipolar. In 1839, Gauss analysed the magnetic 
field mathematically and showed that its various non-dipole components 
correspond to spherical harmonies of the best fitting dipole field, 
and that the field is solely of internal origin (except for short 
period fluctuations). In 1634 Gellibrand discovered that the Earth's 
magnetic field changed with time and past records now show a westward 
drift of the non-dipole component of about 0.2° of longitude per year. 
The dipole component of the geomagnetic field also changes (dipole 
wobble and dipole fluctuation) with time (Nagata, 1965). These 
characteristic changes with time of elements of the field have been 
termed secular variation. The field has also been shown to have 
reversed its polarity (Mercanton, 1926).
The origin of the geomagnetic field is best explained by the 
dynamo theory which attributes it to the magnetohydrodynamic effects 
of slow convection of the liquid core (Jacobs, 1963). Time varying
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quantities are thought to average to zero if sampled over periods of 
105 to 106 yr and the persisting field is thought to be not only 
dipolar but also axial and geocentric. This is known as the axial 
geocentric dipole field hypothesis. Accordingly, a palaeomagnetic 
pole, derived from rocks representing a period of at least 105 yr 
must be considered an estimate of the position of an ancient 
geographic pole.
If M is the magnetic moment of the axial geocentric dipole, and 
a the radius of the earth, then the horizontal (H) and vertical (Z) 
components of the field at latitude (X) are,
H M cos X and 2M sin X
Following this, the inclination is given by,
Cl.4.1)
Z/H = tan 1 = 2  tan X (1.4.2)
and by definition the declination (D) is zero. These relationships are 
important in palaeomagnetism since it allows the derivation of latitude 
from inclination of magnetisation. The corresponding palaeomagnetic 
pole may then be determined from spherical trigonometry (Irving, 1964 
and McElhinny, 1973) allowing results from widely separated localities 
to be compared.
Remanent Magnetisations: The palaeomagnetic technique as it
is known today, originated shortly after Blackett (1952) published 
the results of his negative experiment which proved magnetism was not 
an intrinsic property of a rotating body. To prove this Blackett 
developed a highly sensitive instrument to detect small changes in 
the magnetic field due to a magnetised body. This instrument was
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known as an astatic magnetometer and its degree of astaticism was 
directly proportional to its sensitivity. Blackett’s publication 
included details which enabled other workers to duplicate his 
magnetometer with comparable sensitivities. The study of rock 
magnetism by many workers was thus possible and it followed that a 
great deal of interest was shown in the potential of rocks having 
retained ancient magnetisations.
Many rock types have been shown to retain ancient, and often 
original, magnetisation although the mechanism through which the 
magnetism is imparted to the rock is sometimes obscured. Pioneers 
of rock magnetism have long recognised that a variety of magnetising 
mechanisms occur naturally in rocks, depending upon how the rock was 
formed. N6el (1955) developed the theory for thermo-remanent 
magnetisation (TRM) which is based on the blocking temperature concept. 
As magnetic minerals in igneous, and perhaps some metamorphic rocks, 
cool through their blocking temperature, their magnetisation is 
effectively frozen in. Some sedimentary rocks are thought to be 
magnetised by the crystallisation of magnetic particles during 
diagenesis and even remagnetised by partial chemical change. This is 
known as chemical, or crystallisation remanent magnetisation (CRM —  
Koenigsberger, 1938) . Haigh (1958) adapted TRM theory to cover CRM, 
which uses a simple analogy between blocking temperature and blocking 
volume. The relaxation time (t) for a single domain particle (those 
that are thought to be most important to palaeomagnetism) is given by:
t = C 1 exp (vIIcJs/2kT) (1.4.3)
where C is a frequency factor (~1010s *), v the volume of the particle, 
the coercivity of remanence, the saturation remanence, k is 
Boltzmann's constant and T is absolute temperature. It is seen that x
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is a function of v/T, and t increases exponentially with increases in 
the ratio v/T. Thus T decreases due to cooling in the TRM case and v 
increases (due to nucleation) in the CRM case. These two types of 
magnetisations have very similar properties although they apply to 
very different rock types.
Detrital remanent magnetisation (DRM —  Johnson et al3 1948) is 
thought to operate during the actual sedimentation process. Small 
magnetic particles align themselves in the ambient field direction 
during their fall through water. Often the magnetisation of such 
sediments formed in laboratories yield low inclinations due to the 
alignment of the particles as they settle on the bottom. However, 
Irving and Major (1964) describe experiments which show that sediments 
are capable of faithfully recording the field direction at the time of, 
or shortly after (within hours to days) deposition. They thus 
distinguish depositional DRM from post-depositional DRM.
As well as primary magnetisations, described above, secondary 
magnetisations are also often encountered. A number of mechanisms 
have been suggested to explain these observations. Among these are 
viscous remanent magnetisation (VRM), which is dependent upon the 
relaxation time of the magnetic minerals involved (eg. 1.4.3), 
isothermal remanent magnetisation (IRM), which is commonly induced 
through the effects of lightning, CRM as previously mentioned and 
partial thermo-remanent magnetisation (PTRM) often associated with 
slightly elevated temperatures. A natural remanent magnetisation 
therefore, is usually composed of a primary component overprinted by 
one or more secondary components.
Collection and Measurement: Sampling schemes, field
techniques and laboratory techniques are dealt with by Irving (1964),
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Collinson et al (1967), McElhinny (1973) and Collinson (1975). The 
collection of oriented in situ samples is usually performed with the 
aid of a sun compass/clinometer, similar to the instrument described 
by Embleton and Edwards (1973), although a magnetic compass is used 
to cross-check. Magnetic compasses alone are suitable if corrections 
are made for the regional field declination and use is made of 
backsiting to enable local field anomalies to be detected when present. 
If block samples are collected a tripod is required to accurately 
determine a strike line on the rough rock surface, but if cores are 
drilled from the rock face, a tube with a slit at a known azimuth is 
required to scribe a strike mark directly onto the core. Of course 
if samples are collected from tilted strata, the attitude of the 
bedding plane is necessary to allow 'unfolding1 to the primary 
attitude.
Once samples are transported to the laboratory, specimens are 
prepared by drilling (if block samples were collected) and slicing 
into specimens 2.5 cm in diameter and approximately 2.2 cm in height 
to approximate a sphere of equivalent volume.
Magnetometers which were used throughout this study were a 
PAR-SM1 fast spinner magnetometer, a DIGICO 'complete results' slow 
spinner magnetometer (Molyneux, 1971) and a Super Conducting Technology 
(SCT) cryogenic magnetometer. The SCT instrument belongs to the 
Californian Institute of Technology but is on loan to a visiting 
graduate student, Joe Kirschvink, who brought the magnetometer to 
Australia to investigate magnetostratigraphy. Astatic magnetometers 
have not been operating in this laboratory since before the 
commencement of this project.
The PAR magnetometer, which requires rapid rotation of the rock 
specimen to develop a detectable signal, suffers from two main
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disadvantages. Firstly, friable specimens cannot be measured since 
they disintegrate and secondly, long integration times are required 
to measure weak moments. The DIGICO magnetometer spins specimens at 
7 cps and consequently can measure friable materials. Another 
advantage the DIGICO magnetometer has over the PAR is the specimen 
orienting system used. The DIGICO magnetometer has a platform on 
which the specimen is placed for different orientations, as opposed 
to a holder that changes orientation with the specimen (see Fig.1.5.3). 
Any weak magnetic moment that the platform may possess can be 
subtracted from the overall result. This generally is not important 
for normal work, but it can be a distinct advantage when measuring 
weakly magnetised sediments. The measuring time of the DIGICO is 
several minutes. Overall the DIGICO is more sensitive than the PAR 
although for moments less than 1 nAm2 (10 6 emu) both instruments 
become time consuming. While the SCT magnetometer is more sensitive 
than both the DIGICO and the PAR magnetometers its great virtue lies 
in its 'instant output'. The sensitivity of the SCT is time variant 
depending mainly upon laboratory radio frequency noise but at its 
best it is possible to accurately measure moments of 5-10x10 2 nAm2 
(5-10x10 8 emu). When interfaced to the DIGICO minicomputer the 
measurement/recording time for the SCT magnetometer is less than 1 
minute. The major drawback of the system is, however, it is unable 
to measure moderate to large magnetic moments (>0.2 Am2) . The DIGICO 
magnetometer is discussed further in Section 1.5.
Techniques for Testing Stability of Magnetisation: Having
established the possibility of NRM containing unknown secondary 
magnetic components, one of the palaeomagnetist's main tasks is to 
recognise these when present and eliminate them to enable the primary 
magnetic component to be isolated. A number of field tests can provide
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valuable information concerning the presence of secondary components 
and thus indicate the stability of magnetisation, but laboratory tests 
are required to eliminate the secondary components. Both field and 
laboratory tests (experimental analysis) have been described by Irving 
(1964) and McElhinny (1973).
Field Tests: Tightly grouped directions which are oblique
to the present field directions may indicate the absence of large 
viscous or chemically induced secondary magnetic components. If 
parallel directions occur in a variety of rock types of similar age, 
then the directions may be inferred with a reasonable degree of 
confidence, to be primary. This is known as the consistency test.
Two other simple tests commonly applied by investigators are the fold 
test and the conglomerate test (Graham, 1949). If the magnetisation 
of two (or more) limbs of folded rock strata are brought into agreement 
after correction for tilting, then the magnetisation pre-dates the 
folding. McElhinny (1964) gives a statistical treatment of this test. 
The conglomerate test shows that a magnetisation pre-dates deposition 
(of the conglomerate) if the directions measured in boulders which 
have been derived from the particular horizon being examined, show no 
preferred orientation. Irving (1964) discusses a statistical test of 
randomness which may be applied here. The detailed investigation of 
a contact between an igneous body and the country rock (Everitt and 
Clegg, 1962) can also yield information concerning the stability of 
magnetisation. This is known as a contact test. If a sequence of 
lavas or strata yield tightly grouped anti-parallel directions, 
divergent from the present field direction, then stability may be 
inferred whether the directions have arisen from field- or self­
reversals (Cox and Doell, 1960). An advantage of the last test 
(reversal test) is it often enables the primary direction to be 
determined because the secondary magnetisation can be eliminated.
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However, field tests, in general, fail to enable the primary direction 
to be established when secondary components are found to be present.
Laboratory Tests: An important laboratory experiment is that
of examining the magnetic characteristics of rocks by partially 
demagnetising them to remove secondary magnetic components and allow 
the primary component to be identified. Partial demagnetisation of 
rocks preferentially randomises the 'soft' magnetisation residing in 
domains with low coercive forces and low blocking temperatures. 
Alternating field (AF) demagnetisation was established by As and 
Zijderveld (1958), Creer (1959) and Irving et (1961a). By decreasing 
the applied AF from some peak field to zero, whilst tumbling the rock 
specimen about two (or more) axes (at a much lower frequency than the 
AF frequency), the magnetisation carried by domains with coercivities 
of remanence less than the peak AF value, are theoretically randomised. 
This practice is usually carried out within Helmboltz coils which 
cancel the ambient DC field and minimises any anhysteratic remanent 
magnetisation (ARM —  Thellier and Rimbert, 1954).
Coercivities of remanence of titano-magnetite minerals, common 
in igneous rocks, are often very much less than those of naturally 
occurring haematite grains typically found in sedimentary rocks.
Because of technical difficulties in producing alternating fields of 
very high peak values which are necessary to demagnetise haematite 
minerals, thermal demagnetisation methods have been developed (Irving 
et at, 1961b). Two methods have been used. The magnetisation of a 
specimen may be measured while it is heating (continuous method), or 
it may be measured after a heating and cooling cycle in field-free 
space. The latter method is termed the progressive method. Thermal 
demagnetisation is efficient because a relatively small change in 
temperature results in a drastic change in relaxation time (N6el, 1955
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and Haigh, 1958).
Chemical demagnetisation has been developed by Collinson (1965) 
to dissolve preferentially the red cement common in red sediments.
In this fashion magnetisations associated with secondary cements and 
staining can be removed to isolate the primary magnetic component, 
residing in primary magnetite or haematite (specularite). Park (1970) 
has shown that the cement has much greater magnetic stability than 
the specularite, which precludes thermal demagnetisation as a means 
of investigating the magnetic directions carried by the specularite. 
Roy and Park (1974) report results of vector analyses showing that 
some components which are stable to thermal demagnetisation can be 
separated by chemical leaching. Burek (1971) reports a device which 
aids chemical demagnetisation by forcing cold hydrochloric acid 
through the specimen under pressure. Ordinarily the acid is allowed 
to simply soak into the specimen which leaches away the cement. 
Specimens prepared for this method may have a central hole drilled in 
them to speed up the process.
After preparing specimens from a collection the procedure 
normally followed was to measure the NRM of each specimen and then, 
on the basis of these results, taking into account both directions 
and intensities, select 10-20% of the collection to process as pilots. 
The empirical approach described by McElhinny and Gough (1963) was 
often used to determine stable end points. Having established the 
optimum step, at which all secondary components have been eliminated, 
the remainder of the collection was treated. In practice some 
specimens require more cleaning than others, so usually the remaining 
specimens were treated in two or three steps just above the optimum 
step, to verify that their stable end points had been reached. The 
stable end point was judged as being free of secondary effects. This
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system proved to be quite adequate when working with rocks which 
possessed secondary components oblique to the primary component and 
whose stability characteristics were such that enabled them to be 
removed without destroying the primary component. However, dealing 
with rocks having very large secondary components or relatively 
unstable primary components, led to difficulties when applying this 
method. During demagnetisation secondary components are theoretically 
randomised. In practice the secondary components are almost randomised 
and if the secondary component is large then the residual secondary 
magnetisation can be of the same order of magnitude as the primary 
component. This is especially true when the stability fields of the 
two components overlap and the primary component is also diminished. 
This often results in non-ideal behaviour and an estimate of a stable 
end point is difficult to determine. Irving et al (1961) apply a 
slightly different method to select primary directions. They choose 
the treatment that gives minimum dispersion of directions as the 
optimum cleaning step. This procedure is less sensitive to the type 
of behaviour described above, especially if a large number of pilot 
specimens are selected. Another technique employed by some workers 
(Zijderveld, 1967) is a graphical technique which allows the primary 
direction to be isolated using slopes of best fitting lines. A 
mathematical analog of this technique is described by Simons and 
Stupavsky (1974) who define a palaeomagnetic stability index (PSI) 
which characterises the behaviour of specimens in an objective manner. 
This allows an optimum cleaning field to be chosen using a more 
rigorous approach. Tarling and Symons (1967) were the first to define 
such an index but it takes no account of intensity changes. Other 
indices have been used by Wilson et al (1968), Murthy (1971) and 
Briden (1972) . Giddings and McElhinny (1976) categorise these indices 
as either optimum cleaning indices or relative stability indices and
define a new stability index which they show is useful when comparing 
the overall stability fields of one suite of rocks with another.
Statistical Methods: The sampling scheme used throughout
this study was comprised of several hierarchial levels. With the
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view of obtaining a palaeomagnetic direction from a particular rock 
formation, several sampling sites were chosen. From these, several 
samples were collected and then several specimens were usually taken 
from each sample. Directions of magnetisation from specimens were 
therefore meaned to give sample directions and these directions were 
in turn meaned to give site directions. The mean site direction was 
taken to represent the overall formation direction. The procedure 
used to mean a set of palaeomagnetically obtained directions is well 
established and follows the method of Fisher (1953). Each direction 
of magnetisation is represented by a vector of unit length with 
direction cosines as follows:
north component 1 = cos D
east component m = sin D
vertical component n = sin I
Thus the resultant length of the vector sum (R) is given by:
R = [(Eli)2 + (Emi)2 + (Eni)2]^ (1.4.5)
and the mean declination (D) and mean inclination (I) are given by:
tan D = , sin T = Eni (1.4.6)
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cos I
cos I (1.4.4)
The best estimate of the precision parameter (k), for k > 3 is:
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(1.4.7)
Another statistic commonly used is the radius of the circle of 
95 percent confidence (095) which, if small, is approximated by:
This states that the true mean direction falls within <395 (in degrees) 
of the calculated mean direction with 95 percent confidence.
If two sets of palaeomagnetic measurements need to be compared, 
firstly they must have a similar value for their precision parameters. 
This can be determined statistically (Watson, 1956«). If this is 
satisfied then the two sets can be shown to have been derived from 
the same population, or otherwise, (to a given degree of confidence) 
by following the statistical test given by Watson (1956) and using 
F-ratio tables:
where 2 and 2 (N-2) are the degrees of freedom, and R2 are the 
resultant lengths of the two populations, R is the resultant length 
of both populations combined and N(=Nj+N2) is the total number of 
observations.
As previously mentioned, the overall formation mean direction 
can be obtained by taking the mean direction of all site mean 
directions. However, if the precision of site mean direction is high 
and constant from site to site, the two-tiered analysis of Watson and 
Irving (1957) can be used. The advantage of this method is to enable 
an upper limit to be estimated for the secular variation by eliminating
0195 = 140/(kN)^ (in degrees) (1.4.8)
F2,2 (N-2) (N-2)(R1+R2-R)/(N-R1-R2) (1.4.9)
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dispersion arising from within sites. For formations which do not 
yield a constant within-site precision the normal method of obtaining 
the overall formation mean direction is applicable if the product of 
the within-site precision (k ) and the number of samples per site 
(N^ ) is kept constant (ie. k N. = constant).
During the course of the work reported here a site mean 
direction frequently remained oblique to the overall characteristic 
direction of the formation under investigation throughout the whole 
stability spectrum. This was especially evident in the basaltic rock 
types sampled. Orienting errors cannot be implicated because more 
than one sample was usually involved and the orientation strike lines 
have been recorded using both a sun compass and a magnetic compass. 
Differences between these orienting methods rarely resulted in strikes 
that differed by more than 3°, and large deflections can often be 
attributed to local field anomalies associated with fences, railways, 
pipelines or the rock outcrop itself. These anomalous directions are 
therefore treated using a similar system to that employed by McElhinny 
et al (1974a). This method gains its physical basis from observations 
by Wilson et al (1972) who noticed that intensities of magnetisation 
accompanying anomalous (intermediate or transitional) directions are 
significantly lower than other intensities. A sharp drop in intensity 
occurred in lava flows which yielded a pole position >40° from the 
mean pole position. This infers that intermediate or transitional 
directions arise as a result of geomagnetic excursions or reversals, 
while the strength of the dipole component was diminished. Throughout 
this study directions which fall more than 40° from the mean direction 
have been rejected which is possibly a more conservative method than 
that described above, although in most cases both methods give the 
same result. Generally there was not a noticeable correlation between 
intensities of magnetisation and direction. The possibility of sampling
outcrops which were not in situ is in most cases very improbable 
although this is discussed in Section 4.3 where a large proportion 
of anomalous directions are reported.
Once the characteristic direction of magnetisation of a 
particular formation has been determined, the experimenter is then 
confronted with the problem of reducing the data to a palaeomagnetic 
pole. Two methods are commonly used to achieve this, both having a 
different physical basis. The first method assumes that the 
distribution of the directions satisfies the criterion of Fisher 
statistics while the second method is based on the poles having this 
quality (Irving, 1964) . The solution to this problem has been sought 
by a number of workers (Cox, 1962, 1964, 1970 and Creer, 1962a) who 
have so far been unable to show which method correctly relates to the 
geomagnetic field. The geomagnetic model proposed by McElhinny and 
Merrill (1975) is actually a composite model, implying that neither 
method is entirely correct. However both methods give a similar 
result and for normal palaeomagnetic work either method is probably 
adequate. The results reported in later sections quote 0195 for the 
radius of the core of 95 percent confidence of the mean direction and 
A95 for the site mean pole position. This is, strictly speaking, 
contradictory because it implies that both directions and pole positions 
are distributed according to the Fisher (1953) probability density.
The errors that arise from this treatment however, are taken to be 
negligible and trivial to the overall aims of the project.
1.5 SOME IMPROVEMENTS TO EXPERIMENTAL PROCEDURE
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Magnetometer Calibration: Before a reliable magnetic
measurement can be obtained in the laboratory, it is imperative that 
the magnetometer is accurately calibrated with respect to direction.
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Most modern magnetometers are calibrated during construction and 
require no subsequent alteration unless they are dismantled, in which 
case a magnetically stable test specimen of known magnetic direction 
is required to synchronise the phase of the output and reference 
signals. The DIGICO magnetometer however, is designed to enable the 
specimen holder to be removed for chemical demagnetisation (when 
required) . Resetting the output and reference signals is achieved by 
rotating the flux gate sensor with respect to the reference system 
until the correct reading is given from the test specimen. For 
routine measurement a much less critical calibration of magnetometers 
concerns that of the intensity of magnetisation. Even palaeo-intensity 
studies do not rely upon accurate absolute measurement of intensity, 
although they do depend upon accurate relative measurement of intensity. 
Consequently if a magnetometer is known to consistently read 
intensities, say 10% above their absolute intensities then it is of 
little consequence since a correction factor can be used. If the 
intensity reading of a magnetometer is known to drift with time, 
resulting in inaccurate relative intensity measurement, then constant 
checks should be made to keep the errors within acceptable limits. 
Perhaps the experiment most sensitive to intensity errors (both 
absolute and relative) concerns the estimation of Koenigsberger (1938) 
ratios. This involves two separate measurements, often on different 
instruments, one a magnetometer to measure the NRM, and the other a 
susceptibility meter to measure the induced magnetisation. It is 
therefore of more than casual interest to carry out frequent inter- 
magnetometer comparisons. The results described below have been 
obtained from a number of laboratories and are therefore not all my 
own work. It is however, an opportune time to collate all the data 
that has accumulated and attempt to depict some systematics between 
different magnetometers in use in different laboratories.
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The oldest available systematic records date from late 1973 
although it is instructive to learn that the three astatic 
magnetometers, which were operating in the palaeomagnetic laboratory 
of the Australian National University until a few years before 1973, 
showed good internal agreement (in both direction and intensity) 
although they were independently calibrated (jpers .comm. D.J. Edwards —  
laboratory STO). The results from the astatic magnetometers also 
showed good agreement with those from the Schönstedt (Model SSM-1) .
A common feature between the astatic and Schönstedt magnetometers is 
the method used to calibrate them. In both cases a known dipole 
moment generated by a small coil carrying a known current is used. 
Intensity measurements on the Schönstedt magnetometer used by the 
Department of Energy, Mines and Resources in Ottawa (Canada) also 
agreed with measurements made on their astatic magnetometers (pers. 
comm. Dr W.A. Robertson — Mineral Research Laboratories, CSIRO,
Sydney).
Table 1.5.1 summarises a series of measurements carried out by 
Dr Robertson using three different magnetometers, presently being used 
in three different laboratories. The specimens used were rock 
specimens which had been partially demagnetised at between 10 mT to 
20 mT. The three magnetometers that were used, are the Schönstedt 
magnetometer in Ottawa (SCH), the Princeton Applied Research 
magnetometer in Sydney (PAR) and the first DIGICO magnetometer to 
arrive at this laboratory (DIG). It is apparent that the PAR and 
DIGICO magnetometers read intensities approximately 10% and 5% too 
high with respect to the Schönstedt magnetometer. This may be partially 
(or totally) offset by the fact that the specimens used were not 
demagnetised before they were measured on the PAR and DIGICO 
magnetometers. Each specimen may have acquired a VRM since their 
original measurement after partial demagnetisation in Canada.
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TABLE 1.5.1
Comparative Intensity Readings Between Three Magnetometers 
(pers.comm. Dr W.A. Robertson)
SPECIMEN
INTENSITY RATIOS
SCH/PAR SCH/DIG DIG/PAR
MP 39A 0.9154 1.0220 0.8957
MP 41A 0.8566 — —
MP 110A 0.8872 1.0936 0.8113
GA 19A 0.9480 1.0454 0.9565
S 15B 0.8169 0.9655 0.9132
MP 53A 0.8513 1.0338 0.8235
MP 95A 0.8528 0.9076 0.9396
MP 75 A 0.8543 0.9044 0.9446
S 8A 0.8412 — —
MP 2A 0.8633 0.9122 0.9464
S 33A 0.8650 0.9051 0.9557
MP 8A 0.8679 0.9383 0.9248
MP 13A 0.8923 0.9261 0.9635
MP 96A 0.8595 0.8752 0.9821
MP 49A 0.8869 0.8772 1.0111
GA 5A 0.8604 0.9623 0.8941
S 30A 0.8402 0.8965 0.9372
MEAN 0.8682 0.9510 0.9266
Std.Dev. 0.0307 0.0677 0.0537
SCH —  Schönstedt magnetometer measurements 
OCT 1974
PAR —  Princeton Applied Research magnetometer measurements 
APR 1974
DIG —  Digico magnetometer measurements 
JUL 1974
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The directional data suggest however, that any extraneous components 
must be small because there is overall good agreement in direction.
The significance of these measurements, on their own, is therefore 
difficult to assess, but they are of interest later on.
Further tests were instigated when the geomagnetic group (led 
by Dr F.E.M. Lilley) questioned the absolute accuracy of the PAR and 
DIGICO intensity measurements after independently calibrating their 
test magnets against known dipole moments produced by coils in 
separate laboratories. They found that the PAR standard magnet of 
ostensible moment 0.5 mAm2 was determined to be 0.44 mAm2 using 
calibrations at the BMR (Bureau of Mineral Resources) Toolangi 
Observatory (Victoria). This was confirmed by separate measurement 
in this laboratory. Following this the geomagnetic group suggested 
that at least one of the DIGICO standard magnets (ie. the '1411' 
standard of moment 1.816x10 5 Am2) should be corrected by a factor of 
0.843. This value may be tentatively compared to 0.951 determined by 
Dr Robertson if it is assumed that the Schönstedt magnetometers measure 
accurately, as implied by their good agreement with astatic 
magnetometer measurements made both here and in Ottawa. It must be 
remembered however, that the specimens used to determine the value 
0.951 may have changed in intensity and the correct value may be 
somewhat different.
The PAR magnetometer is calibrated by adjusting the pre­
amplifiers of both the X and Y channels until the panel reads some 
pre-determined value. Some workers have used ’650' which was the 
value suggested by the installation engineer, although an updated 
value of '710* is presently used. This brings the PAR readings into 
closer agreement with DIGICO readings, for consistency. Hence old 
(pre-1975) PAR measurements mentioned here have been normalised to the 
*710’ value. The specimens referred to in Table 1.5.2 are a rock
specimen (BO IB) which has been previously used to make checks on the 
astatic magnetometers and one of the standards (SMI) used by the 
geomagnetic group.
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TABLE 1.5.2
Comparative Measurements Between Magnetometers 
Within This Laboratory
Intensity (mAm *)
SPECIMEN DIGICO 
(May 1976)
PAR
(Nov 1974 
and May 1976)
SCH
(Nov 1973)
BO IB
(vol=10.08 cm3)
813 842 700
Moment (mAm2)
(May 1976) (May 1976) (Feb and 
Mch 1974)
SMI 1.75 1.81 1.45
N.B. The strength of SMI has been determined
independently as being 1.47 mAm2 using a coil 
carrying a known current (Lilley, Woods and Sloane).
TABLE 1.5.3
Apparent Intensity Ratios
SOURCE SCH/PAR SCH/DIG DIG/PAR
Table 1.5.2
to o
OO 00
o
 o
 
'-r
J
0.86
0.82
0.97
0.97
Robertson 0.86 0.95 0.93
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The values given are not single determinations and are known to 
be repeatable to better than 1%. A similar pattern to that found by 
Robertson is apparent and is compared with the results of Table 1.5.1 
in Table 1.5.3.
There are significant differences between the ratios determined 
from Table 1.5.2 and those determined by Robertson although this is 
not surprising because the latter results were obtained on different 
instruments (except for the DIGICO magnetometer). Therefore using 
a SCH/PAR ratio of 0.82 it is suggested that the PAR pre-amplifier 
calibration should be '710’x0.82 = ’580' while the SCH/DIG ratio of 
0.84 suggests that the DIGICO calibration specimen T1411f should be 
,1411,x0.84 = ’1185' (ie. its magnetic moment is 1.525x10 5 Am2).
Another experiment of interest to intensity calibration was 
completed, the results of which are given in Fig.1.5.1. The Cryogenic 
magnetometer is not capable of measuring magnetic moments larger than 
2 yAm2, so a number of specimens were prepared whose moments ranged 
from about 0.2 to almost 2.0 yAm2. The specimens were cored and 
sliced from an ordinary red housebrick after which they were given 
various PTRMs. Three complete sets of reading were made on successive 
days to check their repeatability. The intensities of magnetisation 
of these specimens apparently varied from day to day although they 
appeared quite stable over the 15 minute period required to complete 
the measurements on both the DIGICO and SCT magnetometers. The slope 
of the best fitting line in Fig.1.5.1 therefore gives the ratio of 
the SCT magnetometer readings to those of the DIGICO magnetometers.
This is found to be about 0.93 with an estimated error of about 2%.
The calibration procedure for the SCT magnetometer is an involved 
operation, not designed for routine checking (see SCT Instruction 
Manual), although these tests suggest that figures given by the SCT 
magnetometer are 10% too high. A more realistic absolute reading
SCT a DIGICO MAGNETOMETERS
2001
FIRST SET 
SECOND SET 
THIRD SET
I0 0 -
MOMENT ( X I0 *8 Am2)DIGICO
Fig.1.5.1 Comparison between the DIGICO and the SCT superconducting 
magnetometer outputs, using specimens of house bricks as standards.
37
should be given by correcting readings by the following factor:
SCT DIG
DIG X SCH
An Improvement to the Measuring Procedure with DIGICO
Magnetometers: It has long been recognised that residual magnetic
components remain in rock specimens that have been subjected to high 
AF demagnetisation (As and Zijderveld, 1958; Irving et al> 1961 a and 
b ; Mumme, 1962 and Dickson, 1962) . Higher AF demagnetisation fails to 
eliminate this small residual component leading to the concept of a 
minimum intensity (Irving, 1964) . Irving et al (1961b) discovered a 
similar effect after rock specimens cooled from above their Curie 
points in zero field during thermal demagnetisation. They considered 
their results to reflect imperfect randomisation of magnetic components 
during demagnetisation being a statistical property intrinsic to the 
rocks rather than being caused by the instruments used. Dickson (1962) 
thermally demagnetised specimens using a more elaborate apparatus and 
showed conclusively that the minimum intensity effect did not arise 
from magnetisations due to imperfect cancellation of the ambient field. 
This does not preclude the possibility of small magnetic components 
being added after demagnetisation at room temperature. Dickson (1962) 
also gave arguments against the effect being due to a statistical 
alignment and concluded that the two explanations possible are ’stray 
fields and grain interactions’.
The following results were obtained while investigating both 
high AF and high temperature demagnetisation characteristics of some 
igneous bodies. The minimum intensity effect was most noticeable in 
specimens of Jurassic Tasmanian dolerite which were demagnetised after 
heating to temperatures above 600°C (Section 4.4). AF demagnetisation 
above peak values of 150 mT also produced a similar result. As has
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been reported by other workers, these spurious components have the 
effect of increasing the dispersion of directions measured after 
extreme demagnetisation. However, unlike previous reports, the 
components encountered here were not randomly distributed with 
respect to direction. On the contrary, the directions had a strong 
preference for the south-horizontal plane. This caused confusion 
until it was realised that the field orientations of samples were not 
completely random and the directions measured actually group more 
closely when referred to the fiducial line of each specimen (Fig.1.5.2). 
This was also found to be the case with specimens of Jurassic 
Garrawilla volcanics (Section 4.2) and Devonian Tasmanian dykes 
(Section 2.2). It is improbable that these components were added 
during demagnetisation because both AF and thermal techniques 
produced similar directions. This fact implicated the measurement 
procedure which was common to both techniques. Repeat measurements 
of specimens apparently increased the intensity of the spurious 
component, which was typically 10-20 mAm 1 (more than an order of 
magnitude less than the minimum intensities previously published).
The second measurement was often accompanied by a decrease in the 
discrepancy values of each orthogonal component. The discrepancy 
calculation is a feature of the diagnostic print out program supplied 
by DIGICO software and is calculated in the same manner as the normal 
error but takes into account non-uniformity in the rock as well 
(DIGICO balanced flux gate magnetometer hand book). This implies that 
the spurious component was being reinforced by repeat measurements. 
Obviously the specimens were being magnetised when they were exposed 
to the ambient magnetic field during re-orientation on the spinner 
platform (Fig.1.5.3). During the measurement procedure a specimen 
was therefore being exposed in such a way that the resultant 
magnetisation was non-zero and when the NRM was demagnetised 
sufficiently (not necessarily completely) this extraneous component
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DIGICO MEASUREMENT PROCEDURE
MAGNETIC FIELD COMPONENTS ( in plane of page)
POSITION 3 POSITION 4
Oi
POSITION 6
Fig.1.5,2 The usual measurement procedure for the DIGICO magnetometers. 
£ is the angle between the axes shown and magnetic north.
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DIRECTIONS OF MINIMUM INTENSITIES
GARRAWILLA 
VOLCANICS 
HIGH AF
TASMANIAN 
DOLERITE 
HIGH THERMAL
o# 8  °
•o • °. v ;
TASMANIAN 
DYKES HIGH
THEORETICAL
LOCI
THERMAL
270• vibo
Fig.1.5. 3 Directions of minimum intensities encountered after 
almost complete thermal and AF demagnetisation (see text).
Four spin measurement locus is a small circle which is skewed 
by the fifth and sixth spins.
«*
•
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became appreciable.
A theoretical treatment of this problem necessarily assumes some 
simplifications. The agreement between the theoretical directions and 
the measured directions shows however, that these simplifications do 
not seriously detract from a realistic model. Basically the assumptions 
are
i) that once a magnetisation is produced it does not decay 
appreciably in field free space over the time scale of 
the measurement and
ii) that on re-exposure to the ambient field a component in 
the new direction will be added.
Usually a specimen is spun about four or six axes during a 
measurement depending upon its magnetic inhomogeneity and intensity.
For specimens of igneous rocks such as basalts or dolerites a four 
axes measurement is considered adequate. Consider Fig.1.5.3 which 
shows the different spin orientations of the specimen and the Earth's 
field. For the first and third position the orientation is the same, 
although the platform is rotated through 180°. In this case the 
direction of the Earth's field with respect to the specimen co-ordinates 
is given by:
Declination (D) 
Inclination (I)
tan 1[H sin £/-Z]
tan 1 [H cos £/(Z2+H2 sin2 £)"*]
(1.5.1)
H and Z are the horizontal component and the vertical component 
of the Earth's magnetic field and £ is the angle that the positive 
vertical axis of the specimen makes with magnetic north as shown in 
Fig. 1.5.3. Similar expressions can be obtained for the second and 
fourth position:
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D = tan 1 [Z/H sin £]
I = tan 1[H cos £/(Z2+H2 sin2 £) 2]
Cl.5.2)
If a fifth and sixth position are used, two other expressions are 
required to compute the theoretical resultant magnetic direction 
for these positions is the angle that the positive X axis makes 
with magnetic north).
POSITION 5 POSITION 6
= 7T-S D = TT —£
= tan 1 [-Z/H] I = tan 1 [Z/H]
For £ (0 ^ ^ 360) the locus of resultant directions is given
in Fig.1.5.2 for both four and six axes measurements. The effect of 
the fifth and sixth spins is to perturb, or skew the small circle 
derived from the basic four axes measurement. Since these 
calculations depend on H and Z, the loci shown in Fig.1.5.2 only 
apply to laboratories where the inclination of the Earth’s field is 
-64°. The agreement between these theoretical directions and the 
measured directions is quite good although the angle £ cannot be 
determined. In actual fact, the field direction that the specimens 
are exposed to has a steeper inclination than the Earth’s field 
direction. This has been neglected in the calculations, although the 
effect of taking this into account would be to produce a circular 
locus of a smaller radius than, but concentric with that shown.
To rectify this problem a set of Helmboltz coils have been 
designed by Dr M.W. McElhinny to fit over the measuring head of each 
of the DIGICO magnetometers. The y-metal shields have been retained 
to absorb transient fields associated with normal laboratory 
operation. These coils do not reduce the magnetic field to zero
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because gradients associated with the geometry of the y-metal shields 
are too high. The field however, is reduced from about 10 4 T 
(100,000 y) to about 100 y> which is adequate for the purpose.
In summary, the minimum intensities of magnetisation which have 
been studied here are commonly 1-20 mAm 1, for both specimens of 
dolerites and basalts. These have been shown to be intimately 
associated with measurement and not intrinsic properties of the rock 
specimens. The aquisition time of the magnetisation is very much 
smaller (< 1 sec) than the decay time (> 15 min) which is consistent 
with the decay of IRM and VRM in zero field (Dunlop, 1973) .
Rotational Remanent Magnetisation (RRM): Wilson and Lomax
(1972) showed that a permanent remanence can be induced in a 
ferromagnetic specimen if it is rotated even very slowly, during the 
decrease of an alternating field pervading the specimen. They found 
the remanence to be directed antiparallel to the velocity vector, 
when the rotation axis is perpendicular to the alternating field axis. 
This type of remanence was called rotational remanent magnetisation, 
or RRM, and it was seen to increase in magnitude with increased peak 
AF values. Other data showed that RRM varied with the frequency (/) 
of the AF and the speed of rotation ('w) in such a way that if the 
factor fio, and other variables, were held constant then there was no 
change in the magnitude of the RRM developed. The magnitude of RRM 
also showed peaks, similar to resonance, when plotted against w.
Brock and lies (1974) described experiments that verified the 
universality of RRM and in one case produced a RRM directed parallel 
to the velocity vector (with respect to the inner axis). Their AF 
demagnetiser used a two-axes tumbler while the tumbler used by Wilson 
and Lomax (1972) rotated about a single axis. The RRM due to tumbling 
about two axes is substantially less than the single axis (given
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otherwise identical conditions). This led Brock and lies (1974) to 
propose the terms RRM1 and RRM2 corresponding to the single and double 
axes systems.
Since all AF demagnetisations reported in this study were 
performed using a two axis tumbler it was considered appropriate to 
duplicate experiments reported by the above workers. To detect RRM 
one of two methods can be used. For the first, the specimen can be 
treated twice in each AF used, with a selected axis parallel, and 
then anti-parallel to the inner axis of rotation. For the second 
method, the specimen can be kept in the same orientation with respect 
to the tumbler reference system, and the direction of rotation 
reversed. By vector subtraction any RRM should be the same using 
either method, if no other effects are appreciable. Vector addition 
should therefore eliminate the RRM, yielding the demagnetised NRM 
free of RRM. Results obtained by both these methods are given in 
Fig.1.5.4 which shows that for specimens of Garrawilla volcanics (see 
Section 4.2) RRM produced quite large fluctuations in the directions 
measured. Results from both methods do not differ significantly which 
is testimony to the fact that the demagnetisation process is free of 
ARM. If this were not so, the methods should give different results 
for the extraneous component of magnetisation. The component derived 
by vector subtraction, after using the first method is comprised of 
RRM and ARM (if present) while the component yielded after the second 
method is comprised of only RRM. The directions of components yielded 
after both methods are very similar (Fig.1.5.4) and are seen to plot 
close to the positive X-axis which in each case was the axis selected 
as the reference direction. Directions given by vector addition, 
with respect to the fiducial line (the positive X-axis) agree much 
more closely than do the raw directions. The Garrawilla volcanics 
contain up to 10% by volume of fine grain magnetic minerals and
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DIRECTIONS OF RRMN N
A. REVERSING 
SPECIMEN
B. REVERSING 
ROTATION a*!
- GW779a 
• GW779b
o- O
SUBTRACTED
DIRECTIONS
MEASURED
DIRECTIONS
Fig.1.5.4 Directions of rotational remanent magnetisation (RRM)
determined after subtracting the vectors (also shown) measured 
after alternative AF demagnetisation procedures (see text for 
complete description) . Alternative measurements are marked with 
a cross.
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intensities of NRM over 100 Am 1 were encountered. Much of this 
magnetisation is characterised by low coercivities of remanence 
(< 15 mT) and correspondingly low relaxation times. This 'soft' 
magnetic fraction is thought to be the carrier of RRM. The only other 
rock type studied here, that was noticeably affected by RRM was the 
Prospect dolerite (Section 4.5). Although this dolerite displays 
quite a range of grain size, some samples are fine grained, like the 
Garrawilla volcanics, and it was specimens of these samples that 
appeared to be most affected by RRM. Possible mechanisms for this 
magnetisation are discussed by Wilson and Lomax (1972) although no 
satisfactory theory has yet been formulated. They do however, propose 
a design of a RRM free two-axes tumbler having a tumbling ratio of 
2:1 and a quick reversing clutch. The apparatus is claimed to 'work 
quite well and eliminate systematic RRM effects completely as far as 
one can test' .
Chapter 2
DEVONIAN PALAEOMAGNETISM
2.1 VICTORIAN DEVONIAN LAVAS
2.1.1 Introduction and Geology
Both extrusive and intrusive rocks of Upper Devonian age 
(347-365 My) crop out in the province of Central Victoria. Their 
age is known both from fossil fish fauna in intercalated sedimentary 
rocks (Hills, 1931) and from Rb-Sr and K-Ar dating (McDougall et al3 
1966) . Typically the rock types comprise a rhyolite-dacite- 
granodiorite association of calc-alkaline affinity. Extrusion of 
lavas led to or accompanied a collapse of the roof of the magma 
chamber (cauldron subsidence) followed by the intrusion of the 
granodiorites into the base of the lava flows (Edwards, 1955). The 
four main areas of outcrop are known as the Dandenong Ranges, the 
Cerberean Cauldron, the Acheron Cauldron and Mt Macedon. The lavas 
of the Dandenong Ranges have been previously investigated 
palaeomagnetically by Green (1959) who concluded they were too 
weakly magnetised to give meaningful results. This early study was 
carried out using an astatic magnetometer. The fact that magnetic 
cleaning techniques were not commonly used until the early 1960s 
might be partly responsible for the scattered directions reported by 
Green (1959) . The need for a reliable Devonian palaeomagnetic pole 
position from areas of Australia that appear to have been stable 
since that time, prompted a reinvestigation of these lavas.
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2.1.2 Sampling and Results
The localities selected for sampling were chosen from 
accessible outcrops of the lava flows which were thought to represent 
a considerable time span. Two sites were located in lavas from the 
Dandenong Ranges, the Cerberean Cauldron and Mt Macedon and a total 
of 55 block samples were collected from these (Table 2.1.1).
TABLE 2.1.1 
Site Localities
SITE LOCATION
1 FERNTREE QUARRY, lower flow 37°54'S, 145°19'E
2 FERNTREE QUARRY, middle flow 37°54’S, 145°19 'E
3 FERNTREE QUARRY, upper flow 37°54'S, 145°19'E
4 FERNTREE QUARRY, top flow 37°54'S, 145°19'E
5 Between EMERALD and BELGRAVE 37°55'S, 145°25'E
6 Intersection of WARBURTON RD and 
MAROONDAH Hwy 37°42’S, 145°24'E
7 Between MONTROSE and DANDENONG 37°48'S, 145°24'E
8 SNOB'S CK RD QUARRY 37°18'S, 145°54'E
9 BLUE RANGE RD 37°18’S, 145°40'E
10 MT MACEDON roadcutting east of WOODSEND 37°18'S, 144° 36 'E
11 MT MACEDON roadcutting at MACEDON 37°18'S, 144°36'E
Fig.2.1.1 shows the geology of the areas sampled and the site and 
sample localities. All measurements and consequent calculations were 
carried out on the DIGICO magnetometer (Section 1.4). At least one 
pilot sample per site was demagnetised completely to fully investigate 
the demagnetisation characteristics of each rock type. The results
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from the more typical of these are shown in Fig.2.1.2. NRM 
intensities varied by 3 orders of magnitude, the lowest (<1 mAm 1) 
being encountered in samples of hypersthene rhyodacite from the 
Dandenong Ranges while the most intensely (>500 mAm magnetised 
sample (also from the Dandenong Ranges) was a rhyolite. Some pilot 
samples displayed erratic behaviour during demagnetisation with wild 
fluctuations in intensity and direction. Most samples were therefore 
treated individually, and their stable (primary) directions 
determined by demagnetising them over a number of steps. Some sample 
directions failed to satisfy the minimum criterion for their
interpretation as original directions. These directions were random
/
(Watson and Irving, 1957) within samples and not reproducible to 
within 10°. These directions were rejected from further analysis.
The results of this selection are shown in Fig.2.1.3 which compares 
NRM to the cleaned stable directions. All directions are normally 
polarised. Results from some sites have been combined to give the 
best estimate of the original magnetic direction. This was necessary 
to prevent unequal weight being given to sites in which only one 
sample revealed a stable, non-random direction. Six sites in lavas 
from the Dandenong Ranges have been reduced to 1 site, 4 sites from 
the Cerberean Cauldron have been combined and the 3 sites from Mt 
Macedon have also been combined. Overall, 21 original sites have 
yielded the 11 site mean directions (from 38 samples) given in Table
2 . 1 . 2 .
51
VICTORIAN DEVONIAN LAVAS 
x  INTENSITY DEMAGNETISATION
PEAK AF (mT)
Fig.2.1.2 Intensity demagnetisation for samples from the 
Devonian Victorian lavas.
VICTORIAN DEVONIAN LAVAS-MAGNETIC DIRECTIONSN N
Fig.2.1.3 Natural remanent magnetisation and cleaned directions
from the Devonian Victorian lavas.
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TABLE 2.1.2
Victorian Devonian Lavas (355 My)
DIRECTION POLE
SITE N R
Dec (°) Inc(°) Lat(°S)
Long
(°E)
1 3 2.84 281.6 -74.1 37.9 182.7
2 3 2.80 21.2 -64.0 72.4 88.2
3 3 2.96 326.4 -72.0 60.8 183.4
4 2 1.96 348.2 -64.0 78.3 190.1
5 5 4.67 53.1 -80.0 47.4 122.2
6 4 3.68 10.4 -66.9 75.9 116.5
7 4 3.78 335.2 -74.9 61.5 169.9
8 4 3.67 358.7 -48.4 82.0 317.8
9 5 4.32 353.5 -68.0 75.2 162.1
10 3 2.99 -38.4 -58.2 59.9 69.7
11 2 1.99 26.6 -52.5 67.8 51.8
All samples 38 34.52 3.7 -69.5 74.5 137.6 (a95= 7.4°)
All sites 11 10.63 4.0 -68.5 73.9 139.4 (A95=13.8°)
2.1.3 Discussion and Conclusion
The palaeomagnetic pole position is at 74°S, 139°E (Ag5=140). 
Palaeomagnetic pole positions determined from other Devonian rock 
formations in Australia have previously been interpreted as having 
resulted from remagnetisation (Green, 1959, Briden, 1967b and 
Chamalaun, 1968) or tectonic instability (McElhinny and Embleton,
1974) . The interpretation that the cleaned magnetic directions 
given here for the Victorian Devonian lavas are original, is supported 
by other results given in the following sections. These include 
data from Devonian intrusives in Tasmania (Sections 2.2 and 2.3).
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These results are further discussed in the light of other results 
in Section 2.5.
2.2 TASMANIAN DEVONIAN-CARBONIFEROUS DYKES 
2.2.1 Introduction and Geology
A number of basic dykes ranging in width from a few centimetres 
to about 10 m have been recorded as outcropping along the eastern 
seaboard of Tasmania (jpers .comm. Josh Cocker, Dept. Geology,
University of Tasmania). Their age is thought to be Late Devonian 
or Carboniferous because they are intrusive into Early Devonian 
granitoids dated at 400-365 My using both Rb-Sr and K-Ar methods 
(Harding, 1969) and Lower Devonian sediments. Although the dykes 
occur in swarms, nowhere have they been seen to intrude the Permo- 
Triassic sediments in the region. The Jurassic dolerite sills and 
dykes, on the other hand, have been shown on numerous occasions to 
intrude the sediments. In addition, the chemistries of these two 
igneous types are distinct and are thought to have been derived from 
different sources.
Some of the dykes outcrop as fresh exposures along the east 
coast of Tasmania, but elsewhere they have weathered severely. Four 
of the fresh outcrops are located at St. Helen’s Pt (41"17'S, 148°19'E), 
south of St. Helen’s Pt near St. Helen's Is (41°21'S, 148°17'E), on 
Governor Is at Bicheno (41°53'S, 148°18'E) and at Blue Stone Bay 
(42°06'S, 148°20’E) . These are shown in Fig.2.2.1.
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TASMANIAN DYKES
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F i g . 2 . 2 . 1 Site localities in the Devonian-Carboniferous Tasmanian dykes.
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2.2.2 Sampling and Results
Five samples were drilled from each of these four dykes and 
oriented in the usual way. Measurements and calculations were 
performed on the DIGICO magnetometer. Three specimens were sliced 
from each core and their results combined to yield sample mean 
directions. After the initial measurement of the NRM (natural 
remanent magnetisation), one sample from each dyke was selected as 
a pilot sample and these were subjected to step-wise AF demagnetisation 
from peak fields of 5 mT to 100 mT. The mean intensity demagnetisation 
curve for these samples is given in Fig.2.2.2. The majority of the 
remanent magnetisation is lost before 10 mT, reflecting the presence 
of minerals possessing low coercivities. These minerals are thought 
to be responsible for the erratic behaviour of the direction of 
remanence at high demagnetisation fields. From 60-100 mT the pilot 
samples loose very little intensity, which may be interpreted as 
indicating stable components with high coercivities. The directional 
data, however, indicate that the components are unstable which is 
probably the result of the minerals with low coercivities acquiring 
spurious magnetic components. This is described in more detail later.
After elimination of soft secondary components and the isolation 
of the primary component (before the onset of magnetic contamination) 
the samples of the two most northerly dykes reveal very steep magnetic 
inclinations while the southerly dykes possess lower magnetic 
inclinations (Fig.2.2.3 and Table 2.2.1). These differences are 
significant and are interpreted as having resulted from secular 
variation of the geomagnetic field or slight tectonic disturbances.
The fact that this difference does exist is evidence that the primary 
remanent magnetisation is stable, and not the result of VRM. The 
present field and dipole field directions are 11°,-72° and 0°,-61°
(Dec,Inc) respectively and could not, therefore, be implicated with
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TASMANIAN DYKES
AF INTENSITY
DEMAGNETISATION
PEAK AF(mT)
THERMAL INTENSITY
DEMAGNETISATION
400
TEMPERATURE CC)
Fig.2.2.2 Intensity demagnetisation curves and coercivity 
of remanence spectrum for the Devonian-Carboniferous Tasmanian 
dykes.
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TASMANIAN DYKES 
MAGNETIC 
^  DIRECTIONS.
CLEANED
13-20 mT
Fig.2.2.3 Natural remanent magnetisation and cleaned directions 
from the Devonian-Carboniferous Tasmanian dykes. Reversed 
directions indicated by the full symbols.
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the steeper magnetic directions in the two northerly dykes.
TABLE 2.2.1
Tasmanian Devonian-Carboniferous Dykes
DIRECTION POLE
DYKE N R
Dec (°) Inc (°) Lat(°S)
Long
(°E)
1 5 4.94 55.3 -84.5 46.7 135.8
2 5 4.97 268.1 -83.0 39.5 166.2
3 5 4.96 18.4 -69.3 73.4 106.5
4 5 4.96 10.9 -71.2 74.5 124.8
All samples 20 19.51 10.4 -79.5 61.5 140.7
All sites 4 3.94 10.4 -79.5 60.3 141.9 (A95=25.6°)
DYKE LOCATION
1 ST. HELEN’S POINT 41°17'S, 148°19'E
2 Near ST. HELEN’S ISLAND 41°21’S, 148°17’E
3 BICHENO, on Governor Island 41°53'S, 148°18'E
4 BLUE STONE BAY, southern end 42°06'S, 148°20'E
A surprising feature of one dyke was its peculiar polarity 
zones. Of the five cores drilled, two contained both normal and 
reversed directions (these are plotted in Fig.2.2.3). This cannot 
be explained by orientation errors (which were checked) because the 
transition zones were found to fall within specimens and polarities 
were -physically isolated by reslicing the specimen. It would seem 
difficult to imply a field reversal since the dyke is only 2 m in 
width and must surely have cooled within the 103 4 y required for a
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field reversal (McElhinny, 1971) . Some sort of self-reversal 
mechanism seems the most likely explanation. No laboratory experiments 
were carried out to test this but a similar phenomenon has been 
observed in the Bunbury basalt (Section 4.7). The presence of these 
reversals is additional evidence for the stability of the primary 
magnetisation.
One specimen from each dyke was thermally demagnetised in six 
steps from 200-575°C. Results similar in direction to those measured 
after AF cleaning were obtained. The mean intensity demagnetisation 
curve is given in Fig.2.2.2. The blocking temperature spectrums 
(also shown in the figure) indicates a peak between 500-550°C.
Although specimens were taken as high as 575°C, their intensities 
did not decrease (with respect to the 550°C step) . This was 
interpreted as the result of the addition of spurious components 
during the measurement procedure (Section 1.5). A constant check 
for spurious PTRM acquisition during thermal demagnetisation was 
carried out by aligning all specimens in the furnace so their fiducial 
lines were parallel during the cooling cycle. Each specimen should 
then give a similar magnetic direction (with respect to their fiducial 
marks) if a significant portion of the Earth's field remained 
uncancelled during the cooling stage.
2.2.3 Discussion and Conclusion
A comparison of Fig.2.2.3 and Fig.2.1.3 (which shows the mean 
sample directions of the Victorian lavas) illustrates the similarity 
of the cleaned directions of magnetisation of the dykes and the lavas. 
They are not significantly different at the 95% confidence level.
This suggests that either the formations are similar in age or that 
little apparent polar wandering occurred during the time lapse
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between their ages. The pole position determined from rocks of Late 
Carboniferous age by Irving (1966) are different from the poles 
given here, which might be construed as evidence for constraining 
the age of the Tasmanian dykes to Early Carboniferous or Late Devonian. 
Results reported by Luck (1973), incorporating some results of 
Irving (1966) from the Early Carboniferous Visean volcanics show a 
scatter in directions that have been interpreted by McElhinny and 
Embleton (1974) as reflecting the tectonic regime thought to be 
prevalent at this time. Therefore, while these results appear to be 
at variance with the results obtained from the Tasmanian dykes, the 
rather high errors associated with both pole positions does not allow 
their ages to be differentiated. If their ages are similar then the 
results confirm the interpretation of McElhinny and Embleton (1974) 
but if they are not then the results further constrain the age of 
these dykes to the Late Devonian. Until these uncertainties are 
resolved the age of the Tasmanian dykes is referred to as Devonian- 
Carboniferous .
2.3 HOUSETOP GRANITE
*
2.3.1 Introduction and Geology
This body has been previously studied by Briden (1967b) who 
interpreted the directions he measured as most probably being Tertiary, 
resulting from a remagnetisation at this time by viscous PTRM during 
a period of slightly elevated rock temperatures. The main arguments 
for remagnetisation arise from measurements made on samples of 
Cambrian and Ordovician rocks from the same region as the Housetop 
Granite. A negative fold test (Section 1.4) confirmed that the 
Cambrian sediments and volcanics have been remagnetised. This
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remagnetisation hypothesis was extended to include the Housetop 
Granite on the basis of the similarity between the directions of 
magnetisation of Tertiary basalts present in the area and the 
directions of magnetisation of the granite and older rocks.
McDougall and Leggo (1965) assigned the age of the Housetop 
Granite to the Middle Devonian (375±10 My) using both Rb-Sr and K-Ar 
techniques. If the magnetisation of the Housetop Granite is the 
result of PTRM, then it is surprising that concordant radiometric 
ages were found. The conclusion that a wide variety of rock types 
acquired their NRM at roughly the same time may be correct as 
evidenced by the fold test, but the time of remagnetisation on the 
evidence available, could have been the Devonian rather than the 
Tertiary. The remagnetisation of older rocks may have occurred 
during a period of elevated temperatures at the time the granite was 
intruded vis. Middle Devonian.
The Housetop Granite was therefore resampled to enable stability 
tests to be carried out and to define the pole position more 
precisely.
2.3.2 Sampling and Results
Four samples were cored with a portable drill from each of four 
sites (Table 2.3.1). The positions of the sites with respect to those 
of Briden (1967t), are shown in Fig.2.3.1. The samples were oriented 
using a sun compass/clinometer and magnetic compass and were later 
sliced into three or four specimens. Subsequent measurements were 
performed on the DIGICO magnetometer. One pilot sample was selected 
from each site and demagnetised in a number of steps of increasing 
peak AF intensity to determine which step was most effective at 
removing secondary components that may have been present.
HOUSETOP GRANITE
BURNIE
PENGUIN
ULVERSTONE
NATONE
10 km
SAMPLING SITES 
•  this thesis
x Briden(l967)
LOCALITY MAP
T asmonia
F i g . 2 . 3 . 1 Site localities in the Housetop granite, Tasmania. Those from 
Briden (1967) are designated with a cross.
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TABLE 2.3.1
Site Localities in the Housetop Granite
SITE LOCATION
1 Roadcutting 3.2 km N of UPPER NATONE
2 Roadcutting 1.8 km S of UPPER NATONE
3 Outcrop 4.9 km S along ROGETTA RD
4 Outcrop 2.0 km along UPPER STOWPORT RD
41°13 ’S, 145°55’E 
41°16'S, 145°50’E 
41°18’S, 145°50'E 
41°11’S, 145°55'E
The intensity demagnetisation curves for specimens of these samples 
are shown in Fig.2.3.2. NRM intensities of magnetisation varied 
from a few mAm"1 to almost 1 Am"1 and were commonly reduced to less 
than half this in peak AF values of 10 mT. The precision parameter 
(k), however, was commonly increased indicating that the within 
sample agreement was higher after specimens were magnetically cleaned. 
The overall mean site direction was not changed significantly before 
or after cleaning. This may be interpreted as showing that small 
secondary magnetic component of either varying magnitudes or random 
orientations have been preferentially removed during demagnetisation.
Four sample mean directions remain oblique (>40°) to the mean 
site direction throughout the demagnetisation procedure. These 
directions moved further from the mean direction on application of 
higher AF treatment although the directions failed to stabilise 
before becoming scattered. Three of these were from site 2 while 
the other was from the third site. The origin of these directions 
is unknown but they have been rejected from the final analysis on the 
basis that they are not thought to be representative of the true mean 
direction. They may have arisen from a geomagnetic field excursion 
or transition although this is probably unlikely because no reversed
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HOUSETOP GRANITE 
INTENSITY
DEMAGNETISATION
PEAK AF (mT)
Fig. 2. 3.2 Intensity demagnetisation curves for samples of the Housetop 
granite, Tasmania.
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directions have been found. Results from sites 2 and 3 have been 
combined because only one sample mean direction remained from site 2 
after rejecting the oblique directions.
2.3.3 Discussion and Conclusion
The directions and poles given in Table 2.3.2 have been 
analysed at both the sample and the site level.
TABLE 2.3.2
Housetop Granite (375 My)
DIRECTION POLE
SITE N R
Dec(°) Inc (°) Lat(°S)
Long
(°E)
a95C°)
1 4 3.92 17.4 -66.4 75.5 94.0 15.0
2,3 4 3.94 331.3 -59.1 68.2 229.8 13.0
4 4 3.91 56.1 -82.2 48.2 126.6 15.9
Mean (Samples) 12 11.42 358.9 -71.8 75.5 147.9 10.1
(Sites) 3 2.91 359.1 -71.8 74.5 147.6 26.7 (A95)
Plus results of Briden (19672?)*
VI 4 3.96 32 -73 63.5 107.6
V2 6 11.42 12 -75 68.2 130.6
V3 14 7.32 93 -75 34.2 11.1
D13 10 6.42 19 -34 62.1 7.2
B1 6 5.38 36 -46 57.4 42.1
B2 4 3.91 348 -82 56.5 151.8
B3 14 12.87 163 -83 28.0 151.4
Mean (Sites) 7 6.53 31.8 -70.4 68.7 86.6 29.8 (A95)
Overall 10 9.40 22.3 -71.4 71.7 101.5 21.6 (A95)
*These directions have been analysed giving unit 
weight to specimens.
„ HOUSETOP GRANITE - DIRECTIONS» N
Fig.2.3.3 Natural remanent magnetisation and cleaned directions 
from the samples of the Housetop granite, Tasmania.
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There is no significant difference between the results of the two 
methods although the A95 (determined by meaning the site means) and 
the 095 (determined by meaning the sample means) differ by more than 
a factor of 2. Bearing in mind that there is no significant 
difference between the NRM directions and cleaned directions, it was 
thought that the results of Briden (1967b) should also be included 
to give the best estimate of the palaeomagnetic pole for the Middle 
Devonian. The results from the homfelsed tuff have also been 
included since these are thought to constitute a baked contact 
(Section 1.4). The results of this analysis are given in Table 
2.3.2. The pole position determined is at 66°S, 107°E (Ag5=21°) 
for ten sites. This result is not different (at the 95% confidence 
level) from the results given in Sections 2.1 and 2.2, suggesting 
that the pole position remained approximately constant during the 
Middle and Upper Devonian (and perhaps Early Carboniferous). The 
agreement between these pole positions further supports the argument 
that the Housetop Granite has not been remagnetised.
2.4 DEVONIAN REEF COMPLEX, WESTERN AUSTRALIA 
2.4.1 Introduction and Geology
The occurrence and geology of a Devonian limestone reef complex 
in the Canning Basin, Western Australia has been recorded by a 
number of workers. The most notable of these is that of Playford 
and Lowry (1966) who have mapped in detail the various facies of the 
complex. The reefs form the north west edge of the Canning Basin 
fringing the basement rocks of the Precambrian Kimberley Block, 
within the region known as the Lennard Shelf (Fig.2.4.1). The complex 
is basically divisible into fore-reef, back-reef, inter-reef and reef
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DEVONIAN REEFCOMPLEX , CANNING BASIN
Fig. 2.4.1 Site localities in the Devonian Limestone reef-complex, 
Western Australia.
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facies which belong to the Upper Devonian and possibly the uppermost 
Middle Devonian systems (Playford and Lowry, 1966) . Palaeontological 
ages are based on the ages of brachiopods, bryozoans, corals and 
calcareous algal. The bedding attitudes of the various facies are 
thought to be mainly of depositional origin by Playford and Lowry 
(1966) although Read (1973) suggests that some dipping strata are of 
tectonic origin and that some facies boundaries are faulted. In 
particular the Pillara Formation (back-reef facies) at the type 
section shows dips of about 20° but in general this formation shows 
more shallow dips. The fore-reef facies on the other hand, is 
commonly more steeply dipping than the back-reef facies which either 
abuts or interfingers the reef or fore-reef facies. As well as 
these formations, stromatolites are well developed within the complex 
and in places are over h km wide.
Four oriented samples from these stromatolite bodies were 
supplied by the Geological Survey of Western Australia for a 
preliminary appraisal of the suitability of the reef complex for a 
detailed palaeomagnetic investigation. Thermal demagnetisation of 
these samples showed the presence of stable remanences however their 
directions were scattered rendering their further analysis 
inconclusive. Although a palaeomagnetic pole and consequently a 
palaeolatitude, could not be estimated from these data, this was 
attributed to the small sample size and it was considered desirable 
to collect further samples in order to attain the statistical level 
required for palaeomagnetic determinations.
2.4.2 Sampling and Results
The sampling sites chosen (Fig.2.4.1) were selected on the basis 
of rock type and accessibility. Because of the rugged nature of karst 
topography common throughout the limestone complex, sampling was
restricted to localities in gorges carved by rivers and outcrops 
close to tracks. The back-reef facies or Pillara Formation 
represented a possible control regarding the interpretation of dipping 
strata because it is essentially horizontally bedded in most places.
This formation was sampled at three localities (Table 2.4.1) where 
dips could be considered negligible. At these three places, and an 
additional two places, the fore-reef beds were also sampled.
TABLE 2.4.1 
Devonian Reef Complex 
Sample Localities
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SAMPLES LOCALITY FACIES
650-651 BROOKING GORGE (18.0°S, 125.7°E) fore-reef
652-655 GEIKE GORGE (18.1°S, 125.8°S) fore-reef
740-743 GEIKE GORGE back-reef
694-695 YAMMERA GAP (17.3°S, 124.8°E) reef
696-697 YAMMERA GAP back-reef
699-700 YAMMERA GAP fore-reef
708-714 WINDJARA GORGE (17.4°S, 125.0°E) back-reef
715-719 WINDJARA GORGE fore-reef
724-725 ELIMBERRIE SPRINGS (17.6°S, 125.1°E) fore-reef
726-733 ELIMBERRIE SPRINGS stromatolite
734-739 ELIMBERRIE SPRINGS stromatolite
The stromatolites were sampled because their magnetic stability had 
been previously established. Thermal demagnetisation of four samples 
of reef-facies (supplied by the Geological Survey of Western Australia) 
had also revealed stable magnetic directions although the samples
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were unoriented and the directions could not be analysed. Additional 
samples were therefore collected from the reef-facies. Overall a 
total of fourty-three samples were collected from five localities 
representing most of the formations present in the reef complex.
Pilot samples were subjected to step-wise thermal 
demagnetisation to eliminate secondary magnetisations. Some samples 
(particularly those of the reef, fore-reef and back-reef facies) 
became very weakly magnetised (5-10x10 2 mAm after cooling in 
field free space from temperatures of 200°C, which presented a 
measurement difficulty because their intensities of magnetisation 
were close to the practical limit that can be measured on the DIGICO 
magnetometers. These samples tended to be more pale in colour than 
the pink to red samples supplied by the Geological Survey, which was 
thought to reflect the magnetic mineral content of those samples.
The NRM intensities of the pale samples were generally less than 
1 mAm 1. On the other hand, samples of the stromatolites, which had 
characteristically higher NRM intensities (10-50 mAm *), remained 
easily measurable to higher temperatures. These samples were a deep 
red colour. Consequently further thermal demagnetisation of the 
samples of the stromatolites was carried out to above 600°C. Stable 
directions were thus determined after eliminating the less stable 
secondary components. The magnetisation however, displayed some 
peculiar properties. Firstly the between sample agreement of stable 
directions was very poor and in some cases the within sample (between 
specimen) agreement was poor. Fig.2.4.2 shows directions measured 
in these specimens which were stable to thermal demagnetisation. 
Corrections for dipping beds was irrelevant here because the 
directions were derived from nearby stromatolite bodies, and several 
samples were obtained from each body. Therefore the scattered 
directions were an intrinsic property of the samples. Secondly, AF
DEVONIAN LIMESTONE REEF COMPLEXA
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Fig.2.4.2 Natural remanent magnetisation and cleaned directions 
from the reef, fore-reef, back-reef facies compared to those from 
the stromatolites.
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demagnetisation at low to moderate values of the applied field (5 mT- 
50 mT) caused large decreases (up to 95%) in intensities. This is 
atypical of the demagnetisation characteristics of ordinary haematite 
which was thought to be the magnetic carrier. The persistence of a 
stable remanence after thermal demagnetisation at temperatures above 
600°C however, is usually assumed to indicate the presence of a 
haematitic magnetic carrier. Further investigations to determine 
the type of magnetic mineral present were not considered worthwhile 
because the stable directions from the stromatolites were scattered 
and the true mean direction for the formation was ambiguous. It 
seems plausible that biological activity during the formation of the 
stromatolites may be responsible for these results. This may also 
explain the scattered directions found in those samples obtained 
from the Geological Survey.
Further demagnetisation experiments on the remaining collection 
were delayed until the arrival of the super conducting magnetometer 
(Section 1.4) which was capable of measuring the low magnetisation 
intensities of the samples. Step-wise thermal demagnetisation was 
carried out in several steps from 200°C to 600°C at which point their 
intensities had dropped to 1-5x10 2 mAm *. Stable directions from 
these samples are shown in Fig.2.4.2 which compares the sample mean 
NRM directions with the cleaned (usually in the range 450°C to 550°C) 
stable directions. The directions were selected by applying the 
criterion that a particular direction was either reproducible to 
within a few degrees between demagnetisation steps or the direction 
was consistent between specimens of a sample, and oblique to the 
present field direction. Some specimen directions within a sample 
behaved in an erratic manner during demagnetisation and was therefore
discarded.
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2 . 4 . 3  D is cu s s io n  and Conclus ion
The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  l i s t e d  in  Table  2 . 4 . 2 .  
N ine teen  sample mean d i r e c t i o n s  have been combined to  g ive  t h e  
fo rm a t ion  p a laeom agne t ic  p o le  p o s i t i o n  a t  50°S, 29°E (Ag5=13°).
TABLE 2 . 4 .2  
Devonian Reef Complex
DIRECTION POLE
SAMPLE
Dec(°) I n c ( ° )
Lat
(°S)
Long
(°E)
650 249.1 8 .9 21.2 33.0
651 284.4 12.0 -1 1 .7 45 .3
654 25.3 -24 .8 65.2 28.1
655 43.6 -1 5 .8 46.5 28.1
694 225.6 - 2 .6 41.3 17.0
695 219.0 -12 .3 44 .7 6 .7
696 46.9 -15 .1 43.3 28.9
697 76.3 - 5 7 .3 21.2 69.6
698 236.7 31.8 36.0 43 .8
708 19.0 -22 .7 70.7 20.3
709 243.7 0 .3 25.0 26.7
712 183.2 15.7 80.0 -3 6 .5
713 183.0 - 8 .4 68.0 - 4 7 .0
714 57.3 -3 0 .3 35.3 42 .8
715 51.5 -38 .5 41.5 48 .7
716 29.4 -3 9 .7 61.9 50 .2
718 189.8 -16 .1 62.5 - 3 3 .6
719 176.4 5.1 74.6 - 7 8 .8
741 219.2 11.7 50.0 23.0
MEAN ( a f t e r 219.7 16.9 50.1 28.9
r e v e r s i n g
normal
d i r e c t i o n s )
(ci95=14.30) (^95=13°)
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The NRM directions are scattered and streaked while the stable 
directions that satisfy the above criterion form two almost anti­
parallel groups oblique to the present field direction. Samples 
from the fore- and back-reef display both normal and reversed 
directions while those from the reef facies appear to be entirely 
reversed. Overall reversed and normal directions occur in a ratio 
of almost 2:1. This differs from results derived from other Devonian 
rock formations (Sections 2.4.1, 2.4.2 and 2.4.3) studied here which 
were entirely of normal polarity. Although over one half of the 
collection failed to yield satisfactory results, which consequently 
were rejected, the results of the fourteen stromatolite samples have 
been neglected not only on the basis of their scattered directions 
but also on the basis that they all belong to the one rock type 
which strongly suggests that the magnetisation was controlled by 
mechanisms other than the magnetic field at the time of formation.
The palaeo-latitude calculated from the mean magnetic direction given 
in Table 2.4.1 places the reef complex in low latitudes which is in 
accordance with the palaeoclimatic evidence based on the occurrence 
of limestone reef complexes (Craig, in Naim, 1961).
2.5 THE AUSTRALIAN DEVONIAN POLE POSITIONS
The interpretation of data from Australian Devonian rock 
formations has previously been hindered by the difficulty of relating 
the magnetic directions of the rocks to the Devonian geomagnetic 
field in Australia. Green (1959) found Devonian sediments from New 
South Wales and Victoria to have been remagnetised in the Tertiary. 
His arguments were based upon the high between site precision 
(implying magnetisation of the sediments over a short time interval) 
and a negative fold test (Section 1.4). Likewise Chamalaun (1968)
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AUSTRALIAN DEVONIAN POLE POSITIONS
Fig»2.5.1 The Australian Devonian pole positions plus those 
from the uppermost Silurian (?)-Lower Devonian Mereenie Sandstone 
and the Lower Carboniferous Visean volcanics.
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reasoned that Devonian sediments in Queensland have been remagnetised 
from a comparison of the magnetic directions in these sediments with 
those of the overlying Upper Carboniferous Percy Creek volcanics.
Luck (1973) reports results from igneous rocks of Middle Silurian to 
Lower Carboniferous age that are based on laboratory and field tests. 
Embleton et at (1974) suggest that anomalous data from Silurian and 
Devonian formations may be explained in terms of plate tectonics.
While they accept the validity of the magnetic directions of these 
bodies as representing the palaeomagnetic directions at the time of 
their formation, they show that the pole positions are more concordant 
if tectonic motion with respect to the more stable Australian crustal 
assemblage to the west is assumed (Section 1.2). The magnetic 
directions from the Housetop Granite are interpreted here as being 
original (Section 2.3) although Briden (1967b) argued that they were 
secondary. The pole positions from results discussed in the 
preceding sections are shown in Fig.2.5.1. Australian pole positions 
which have been derived from palaeomagnetic data that indicate from 
stability tests to be reliable estimates of the Devonian geomagnetic 
field direction are given in Table 2.5.1. One pole position which 
has been excluded is that of the Lochiel Formation (Luck, 1973) 
which cannot be reconciled when viewed in relation to other Upper 
Devonian pole positions. It seems probable that tectonic complications 
may be responsible for this as originally suggested by Embleton et at 
(1974) . The remaining poles although not tightly clustered, appear 
to form two age groups (Fig.2.5.1) which are spread from west to 
east. The first group is identified with the Lower Devonian (Upper 
Silurian?) data while the second group is identified with Middle to 
Upper Devonian data. It is not readily apparent that these groups 
are sufficiently distinct to warrant this resolution and in fact a 
F-ratio test (Section 1.4) serves to indicate that the two groups
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are statistically indistinguishable (Table 2.5.2).
TABLE 2.5.2
Summary of F-Ratio Test on Devonian Data (N=8)
GROUP FORMATION Ni R1 R f 2,2(N-2)
LO
WE
R
DE
VO
NI
AN
MEREENIE SST 
BOWNING GP 
AINSLIE VOLS
3 2.87917
n 2 r2 7.35076 2.68*
§ §  t—i i
Z Zo o > > UJ PJ Q Q
HOUSETOP GRANITE 
VICTORIAN LAVAS 
REEF COMPLEX 5 4.67182
UJ cX .-J yj Q cx Q Cu
i - H  :=>S '
MULGA DOWNS GP 
TASMANIAN DYKES
*The 95% significance point for 2, 12 degrees of 
freedom is 3.88.
However if additional data from other Gondwana continents are included 
then it becomes clear that this analysis is a more probable model than 
that of combining all the Australian Devonian pole positions to yield 
a single pole (Section 6.1). The Lower Devonian (-Upper Silurian?) 
pole position is at 60°S, 32°E (Ag5=31°) and the Middle-Upper Devonian 
pole position is at 69°S, 96°E (Ag5=23°). This is in reasonable 
agreement with the general trend suggested by McElhinny and Embleton 
(1974) although the apparent polar wander path for this period is now 
more firmly established. The Silurian pole positions from the Silurian 
volcanics (Luck, 1973) and the Mugga Mugga Porphyry (Briden, 1966) and
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the Upper Devonian pole position from the Lochiel Formation (Luck, 
1973) appear to remain anomalous which supports, in part, the 
interpretation that crustal blocks have undergone large amounts of 
rotation in the southern Tasman Orogenic Zone in the Silurian and 
Devonian (Embleton et al3 1974).
Tectonic disturbances during the Devonian must have been 
restricted to a small region further east than previously postulated 
because the Lower Devonian results from the Canberra-Molong High 
now seem compatible with other data.
The pole position from the Visean volcanics (Luck, 1973) is 
also shown in Fig.2.5.1 and clearly it cannot be considered different 
from the Middle-Upper Devonian pole positions. Including this pole 
position and defining another pole group, the Middle Devonian-Lower 
Carboniferous pole is at 73°S, 105°E (Ag5=21°).
Chapter 3
LATE PALAEOZOIC AND MESOZOIC REMAGNETISED SEDIMENTS
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3.1 PERTH BASIN SEDIMENTS, W.A.
3.1.1 Introduction and Geology
This section describes results obtained from the Permian- 
Cretaceous sedimentary sequence in the Perth Basin, Western Australia.
In view of those current ideas which view the structural evolution of 
the southeastern region within the framework of the plate tectonic 
concept (see Sections 1.2 and 1.3), it was considered necessary to 
extend palaeomagnetic sampling to the Perth Basin which may be properly 
described as having maintained its structural unity with the main 
shield areas. That the Perth Basin has remained contiguous with the 
platform has been demonstrated by Embleton and Giddings (1974) who 
investigated the palaeoinagnetism of the Lower Palaeozoic Tumblagooda 
Sandstone. The palaeomagnetic pole yielded by those beds is consistent 
with other Lower Palaeozoic data from northern, central and southern 
regions of the platform (McElhinny and Embleton, 1974 and Embleton 
and Giddings, 1974) .
The best developed sequences of Upper Palaeozoic and Mesozoic rock 
formations outcrop in the north Perth Basin (McWhae et at» 1958); 
furthermore, sampling was restricted in the southern part of the basin 
due to low topographic relief and weathered exposures. The Darling 
Fault running approximately north-south is the major structural feature 
of the area and marks the eastern limit of the basin, having a maximum 
downthrow to the west of 900 m. Movement associated with the fault 
has only disturbed strata in close proximity to the fault zone where 
dips up to 20° occur. Elsewhere the beds are almost horizontal.
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The majority of sampling localities were situated in the northern 
part of the basin. The stratigraphy in this area is shown in Fig.3.1.1 
and a geological map is shown in Fig.3.1.2.
North Perth Basin Permian sediments actually outcrop only in 
the northern part of the Perth Basin. These include 1200 m of glacially 
derived Sakmarian sediments followed by 900 m of Artinskian coal 
measures and shallow marine sediments. The strata are deformed along 
the Darling Fault, but elsewhere have a gentle easterly tilt (Playford,
1958) . Hence units successively higher in the sequence outcrop to 
the east, towards the fault. The beds are apparently conformable with 
each other (McWhae et at, 1958) . A sequence of marine shales and 
sandstones known as the Kockatea Shale, considered by McTavish and 
Dickens (1974) to be Lower Triassic in age, outcrops at the junction 
of the Kockatea Gully and the Greenough River. Sedimentation was 
continuous across the Triassic/Jurassic boundary and is represented
by 500 m of fluviatile sediments. They are known as the Chapman Group 
(Playford, 1959) and consist of the Minchin Siltstone, the Greenough 
Sandstone and the Moonyoonooka Sandstone. The Chapman Group is placed 
in the Lias Epoch but may extend into the Upper Triassic (Playford,
1959) . The disconformity between that group and the overlying Champion 
Bay Group does not appear to represent a very great time interval 
(McWhae et at, 1958). The Champion Bay Group is a marine succession 
including the Colalura Sandstone, the Bringo Shale, the Newmarracarra 
Limestone and the Kojarena Sandstone. The Newmarracarra Limestone
is accurately dated palaeotologically as Middle Bajocian (Playford,
1959). The Jurassic sediments have a maximum regional dip of 0.2°, 
measured by Playford (1959). The dip is attributed to 'differential 
compaction over the sloping Precambrian basement', and is considered 
negligible for the purpose of this study.
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F i g . 3 .1 .1 Stratigraphy of the northern Perth Basin, Western Australia.
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Fig.3.1.2 Site localities in the northern Perth Basin.
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South Perth Basin and Collie Basin The Permian strata (known 
from bore cores) in the south Perth Basin are obscured by overlying 
Mesozoic sediments. The only exposures of Permian beds in the south 
occur in the Collie Basin about 170 km south-southeast of Perth (east 
of the Darling Fault). Balme, in McWhae et al (1958), considers that 
these coal bearing beds are the time-equivalents of the Irwin River 
Coal Measures in the north Perth Basin.
The Donnybrook Sandstone, a light-buff coloured medium-coarse 
grained sandstone, was sampled in the southern part of the Perth Basin. 
It is thought to overlie or interfinger with the Yarragadee Formation 
in the north Perth Basin (Lowry, 1965). Its age is therefore 
considered Middle Jurassic to Lower Cretaceous.
3.1.2 Sampling and Results
A total of 222 oriented rock samples was collected during two 
field seasons. All samples were oriented using a sun compass-clinometer 
(Embleton and Edwards, 1973) and magnetic compass. Except when samples 
were too friable, four specimens were cored and sliced from each 
sample. Measurements were carried out using the DIGICO magnetometer 
(Sections 1.4 and 1.5). Step-wise thermal demagnetisation (Section 
1.4) was used to isolate components of stable remanent magnetisation. 
Directions of magnetisation were analysed using the statistics of 
Fisher (1953) and a test for randomness, devised by Watson (1956fr). 
Non-random directions at the 95 percent probability level for all 
samples were shown in Figs. 3.1.3 and 3.1.5.
Permian The distribution of directions of natural remanent 
magnetisation (NRM) seemed to be either scattered around the present 
field direction (Fig.3.1.3a) or clustered near the geocentric dipole 
field axis (normal and reversed polarities were measured), with some
Permian-Tr iass ic
a. ^
* - C oil  ie coa l  beds 
a ' H i g h  C l i f f  Sand sto ne  
o - N a n g e t t y  Format ion"
6 0 0  - 6 6 0°CN RM
♦  B e s t - f i t t i n g  D i p o l e  
X P r e s e n t  Field
6 0 0 - 6 6 0 ‘CN RM
Fig. 3.1.3 Natural remanent magnetisation and cleaned directions 
from the Permian and Triassic rock units in the northern Perth 
Basin and Collie Basin. Rejected directions are indicated by a 
cross.
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directions exhibiting a planar distribution between the two polarities 
(Fig.3.1.3b) . Intensities of NRM range from about 0.5 mAm 1 for the 
Collie coal beds to over 100 mAm 1 for the Irwin River Coal Measures 
and the Carynginia Formation. After thermal demagnetisation only the 
Nangetty Formation and the Collie coal beds failed to yield meaningful 
directions.
NANGETTY FORMATION AND COLLIE COAL BEDS. The intensities 
fell sharply during thermal demagnetisation at low temperatures (<200°C). 
Above this temperature, directions from only three samples (of the 
tillite) remained coherent (Fig.3.1.3a) but these were scattered (N=3,
R=1.5) .
HIGH CLIFF SANDSTONE. Specimen directions from 2 of the 
11 samples were initially random. The remaining NRM directions are 
shown in Fig.3.1.3a. Specimens from all samples were thermally cleaned 
and seven samples revealed stable directions of magnetisation between 
600-660°C. The intensity demagnetisation curve is shown in Fig.3.1.4.
IRWIN RIVER COAL MEASURES. NRM sample-mean directions 
displayed a single polarity grouped principally midway between the 
present field and dipole field directions, see Fig.3.1.3b. After 
thermal treatment at 600-630°C, six samples remained magnetised in the 
NRM direction, but directions in four other samples were oblique 
though apparently stable. Further cleaning of the 'oblique' samples 
revealed unstable components of magnetisation, the intensities of 
which fluctuated even on the time scale required for measurement. They 
were omitted from calculations of the site mean direction.
CARYNGINIA FORMATION. The NRM directions plot as two 
almost anti-parallel groups close to the dipole axis. At high 
temperatures (600-660°C) the directions remained unchanged, indicating
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PERTH BASIN SEDIMENTS INTENSITY DEMAGNETISATION
GREENOUGH SANDSTONE
o . io  ■
TEMPERATURE C C )
MOONYOONOOKA SANDSTONE
TEMPERATURE C C I
CARYNGINIA FORMATION
TEMPERATURE ( ’ Cl
HIGH C U FF SANDSTONE
0.10
F ig .  3 .1 .4 Intensity demagnetisation curves for some rock units in the 
northern Perth Basin (note log-linear plot).
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the presence of a stable magnetic remanence. The intensity 
demagnetisation curve is shown in Fig.3.1.4. The site mean direction 
of magnetisation, computed with respect to the present horizontal, is 
given in Table 3.1.1. In view of the interpretation placed on these 
directions (see Section 3.1.3) none of the Permian directions have 
been corrected for bedding tilt.
Triaasio THE KOCKATEA SHALE. The NRM intensities lay 
between 20 mAm 1 and 50 mAm 1 and the directions group close to the 
present field. At high temperatures (600-650°C) the intensities 
reduced to a few per cent of their initial values (0.2-0.5 mAm *) as 
the upper limit of the blocking temperature spectrum was reached.
Three sample mean directions were rejected on the test for randomness.
Of the remaining five samples, one was reversed. The site mean 
direction is given in Table 3.1.1.
Jurassic The directions obtained from Jurassic sediments show 
a high degree of internal consistency. They are also remarkably 
similar to directions in the Permian and Triassic sediments (compare 
Fig.3.1.3 with Fig.3.1.5) in that they appear to cluster around the 
present/dipole field axes.
GREENOUGH SANDSTONE. A total of 68 samples was collected 
from the five sites (Table 3.1.1). NRM sample mean directions which 
are non-random plot with normal and reversed polarities (Fig.3.1.5a —  
sample mean directions constituting individual sites are given the 
same symbols). Intensities generally lay in the range 10-50 mAm 1.
The intensity demagnetisation curve is given in Fig.3.1.4. After 
thermal cleaning, two polarities were maintained with all samples from 
two sites (G1 and G3) being entirely reversed. The other three sites 
contain mixed polarities without any apparent stratigraphical
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F ig .  Z. 1 .5 Natural remanent magnetisation and cleaned directions 
from Jurassic and Cretaceous rock units in the Perth Basin. 
Rejected directions are indicated by a cross.
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relationship, eg. both polarities occur in a narrow band of red mudstone 
sampled at two points only a few metres apart. The implications of 
this are discussed in Section 3.1.3.
MOONYOONOOKA SANDSTONE. Of the 53 samples collected, 
results from 35 satisfied the selection criteria. The results from 
one sample from site M4 has been combined with the results from site 
M3 since all but one sample from site M4 were rejected. Sample mean 
directions from different sites are given individual symbols in 
Fig.3.1.5£>. The NRM directions indicate a scatter about the present 
field direction although several directions appeared to be reversed 
or oblique. The intensity demagnetisation curve is shown in Fig.3.1.4. 
After thermal treatment, scattering was reduced and almost half of the 
collection yielded stable directions with reversed polarities. A 
systematic deviation towards the dipole axis is also apparent. This 
is evidence of the preferential removal of a component of magnetisation 
in the direction of the present field. Samples from the type section 
(Ml) display only normal polarity whilst the polarities of magnetic 
directions of samples from other sites are mixed. Both polarities 
would be expected to have been detected at the type section if polarity 
transitions occurred regularly throughout the sequence (the type 
section is 30 m thick while the thickest section measured (Playford,
1959) is only 35 m). It therefore appears no correlation exists 
between polarity and stratigraphicalhorizon, as noted earlier in the 
Greenough Sandstone. The site mean directions are given in Table 
3.1.1.
NEWMARRACARRA LIMESTONE. There is little difference 
between the NRM directions of magnetisation and the sample mean 
directions after thermal demagnetisation. The intensities of NRM are 
very high (>103 mAm 1) only showing substantial decrease at temperatures
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higher than 660°C . This indicates a very stable magnetisation with a 
narrow blocking temperature spectrum. Four samples were normally 
magnetised whilst three were reversed. The site mean direction and 
calculated pole position are given in Table 3.1.1.
KOJARENA SANDSTONE. Results from the majority of these 
samples have been rejected,
i) because they are random at the 95 percent probability 
level or
ii) the directions are oblique being greater than 40° 
of arc from the site mean direction.
Again with the remaining samples there appears to be a trend towards 
the dipole axis similar to the trend observed in the Moonyoonooka 
Sandstone results. This indicates the removal of a secondary component 
in the direction of the present field. Intensities of magnetisation 
drop from >20 mAm 1 to about 1 mAm 1 at high temperatures (600°C).
The blocking temperature spectrum is thermally discrete (Irving and 
Opdyke, 1965). Results from eight samples have been combined to yield 
the site mean direction and pole position given in Table 3.1.1.
Cretaceous THE D0NNYBR00K SANDSTONE. This unit represents 
the youngest horizon sampled in the Perth Basin. Low NRM intensities 
(<5 mAm *) decreased sharply at low temperatures (200°C); and were 
close to the level of sensitivity of the instrument. None of the 
directions satisfied the test for significance at the 95 percent 
probability level. The results indicate the unsuitability of these 
sediments for further palaeomagnetic work.
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3.1.3 Discussion and Conclusion
It is apparent from comparing Fig.3.1.3 and Fig.3.1.5 that the 
rocks sampled, although ranging in age from Lower Permian to Middle 
Jurassic, have recorded very similar palaeomagnetic directions. There 
are several reasons leading to the conclusion that these directions 
are not true records of the primary magnetic field prevalent at the 
time of rock formation:
a) whereas the Permian results consist of both normal and reversed 
directions, original directions would most likely have been 
entirely reversed conforming to the Late Palaeozoic Reversed 
Interval (Irving, 1971) as originally defined by Irving and 
Parry (1963);
b) steeper magnetic inclinations would be expected from original 
Permian field directions to reflect the high palaeo-latitudes 
thought to have prevailed during the late Palaeozoic (Irving,
1966; Brown et at, 1968 and Embleton, 1973);
c) the majority of directions measured in Jurassic rocks should be 
normal according to the model of McElhinny and Burek (1971) .
Their analysis of world-wide Mesozoic palaeomagnetic data 
demonstrates the Jurassic to be a period of predominantly normal 
polarity. However, normal and reversed polarities are almost 
equally distributed;
d) the disparity that exists between the polarity and stratigraphic 
level, particularly in the Jurassic strata is most easily 
explained as a secondary feature. Magnetisation acquired at the 
time of deposition or diagenesis usually results in one to one 
correspondence between stratigraphic level and magnetic polarity 
zone. On the other hand chemical remagnetisation during 
lateritisation will be partly controlled by permeability, moisture
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content and the movement of ground water from above or below.
Points at which remagnetisation commences would probably be 
unevenly distributed throughout the rock unit. Particularly 
in the case of the Greenough Sandstone and the Moonyoonooka 
Sandstone, where zones of polarity showed no apparent 
relationship to bedding, some samples may comprise a mixture of 
normal and reversed directions of magnetisation as was found 
in some laterite samples from the Springfield and Telford Basins,
South Australia (Section 3.2). This would contribute to 
increased scatter of directions;
e) the Permian directions are concordant with the Triassic and 
Jurassic directions although they have not been corrected for 
tectonic tilt. This is considered unlikely to be coincidental, 
and strongly suggests the magnetisations were acquired
simultaneous1y;
f) assuming the directions are primary, a necessary consequence of 
the data based on the axially symmetric geocentric dipole field
. mode, would require the Perth Basin to have occupied its present 
latitude at least from the Lower Permian to the Middle Jurassic.
In the light of palaeomagnetic data from other regions of 
Australia and continents constituting Gondwanaland (McElhinny,
1973) this is considered an highly unlikely interpretation.
Chemical Remagnetisation The palaeomagnetic data obtained 
from the late Palaeozoic and Mesozoic rock formations in the Perth 
Basin are consistent with an interpretation based on a remagnetisation 
event in post-Jurassic times. Presumably, the latter magnetisation 
is chemical in origin and was acquired during alteration (recrystallisation) 
of magnetic minerals formed during the original magnetisation process 
in the sediment and through the addition of iron oxy-hydroxide rich
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solutions. For this to take place, conditions conducive to the 
formation of red beds/lateritisation and oxidised magnetic products 
should prevail eg. Creer (1970). As the minerals grow, by a nucleation 
process, the grains reach a critical volume and the direction of 
magnetisation of the ambient field at that time is blocked (Haigh,
1958) . A further small increase in grainsize will increase the 
relaxation time of magnetisation to the order of 109 yr (Nagata, 1961; 
Stacey, 1963 and McElhinny, 1973) . The magnetisation will thus remain 
stable over geological time unless the rock is heated for extended 
periods, in which case the relaxation time rapidly decreases according 
to the theory of N6el, 1949 and 1955), or a subsequent remagnetisation 
event prevails.
The magnetic mineral most common in the sediments investigated 
in the present study has a high blocking temperature (evident from the 
results of thermal demagnetisation) indicating that it is possibly 
haematite or an associated mineral. Pilot specimens from 44 samples 
of the Greenough Sandstone have been chemically leached following the 
method described by Roy and Park (1972). Although a chemically stable 
magnetisation was subsequently isolated from most specimens (whose 
direction was different to that before chemical treatment though not 
systematically acquiring a new direction after treatment), magnetic 
cleaning indicated that the chemically isolated magnetisation was 
unstable to alternating fields and to have a low coercive force 
spectrum, not typical of haematite. Examination of thin sections 
prepared from original unleached samples showed the majority of the 
opaque oxides to be clustered around quartz grains. On the other hand, 
thin sections cut from samples that have been treated with hydrochloric 
acid (10 N) reveal fewer opaque grains remain after treatment and are 
distributed randomly. This indicates that the dominant magnetic
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remanence exists in the haematitic phase (as shown by thermal 
demagnetisation) which clusters around the quartz grains and the finely 
disseminated specularite corresponds to the phase with a low coercivity. 
The origin of the chemically isolated grains is obscure though they may 
be primary, whereas the origin of the haematite is most likely to be 
secondary.
It is proposed that the lateritisation prevalent in the area 
studied is responsible for the remagnetisation. Playford (1954) notes 
the Newmarracarra Limestone is commonly altered to a haematite-rich 
roch and maintains ’this alteration is connected with lateritisation’.
The palaeomagnetic results presented here are interpreted as indicating 
that the outcropping sediments of the Perth Basin have been chemically 
remagnetised.
Woolnough (1930) argues that the duricrust in Western Australia 
belonged to a 'period of highly perfect peneplanation, about Miocene 
in age, on a land almost devoid of topographic relief and in a climate 
marked by the dominantly seasonal character of its rainfall'. This 
allows iron oxides, which are leached during the 'wet' periods, to be 
precipitated in a preferred horizon during the 'dry' periods. Whether 
the iron oxides migrate up or down through the weathering profile is 
not known. A marked leached zone underlies the laterite in the 
Geraldton area which would seem to indicate that at least some of the 
iron in the laterite is derived from the underlying sediments. Playford 
(1954) argues that the lateritised surface of the Geraldton district 
developed within a seasonally variable oxidising zone of a well 
developed weathering profile. The impermeable nature of the laterite 
finally stopped percolation of ground waters preventing leaching of 
the underlying sediments and the further development of laterite. 
Playford's evidence strongly suggests that peneplanation is not required
for the formation of laterite and, in fact the Geraldton laterite 
formed after the uplift of the Darling Peneplain. Prider (1965) is 
in full agreement.
Although the laterite zone in Western Australia has received 
much attention from a number of authors, its age has not been uniquely 
defined using purely geological constraints. The results described 
herein do, however, supply a quantitative estimate of the age of 
lateritisation. Epeirogenic uplift of the Great Plateau followed the 
deposition of the Eocene Plantagenet Beds of the Norseman area. The 
laterite is therefore younger than Eocene. Other geological constraints 
put the laterite age as post Upper Eocene but not younger than Miocene 
since the youngest lateritised strata, recorded in the Carnarvon Basin, 
are the Merlinleigh Sandstone which is Upper Miocene (McWhae et at,
1958) and overlying unlateritised limestones are Miocene. Prider 
(1965) notes that Condon et al (1956) also imply this age 
diagrammatically. However, Prider (1965) believes the Miocene 
limestones may not be susceptible to lateritisation and prefers a 
younger age of Pliocene. Teichert (1946) also considers the laterite 
to be Pliocene although this age was based on a Miocene age for the 
Plantagenet Beds. These rocks are now more reliably dated as Eocene.
Because two polarities of magnetisation exists in the beds 
sampled, the lateritisation has apparently occurred over a period of 
at least two polarity intervals (say 103-104 years). The magnetisation 
must also post-date the uplift of the shield because the Permian strata, 
although tilted, give results consistent with the horizontally lying 
Jurassic beds. It is stressed the direction of magnetisation of the 
Permian beds is thought not to be original because the polarities are 
mixed and were therefore unlikely to relate to the Late Palaeozoic
reversed interval.
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When plotted on the Tertiary apparent polar wander path for 
Australia, the mean pole from these formations (Table 3.1.1 and 
Fig.3.4.1) falls near the path segment representing the 20 My to 25 My 
pole position (McElhinny et at> 1974a),. Although the cone of confidence 
(at the 95 percent level) also intersects the cones of confidence for 
the 15 My to 20 My and the 5 My pole positions, it is shown by an 
F-ratio test — see Table 3.1.2 (Watson and Irving, 1957), that the 
true mean pole position is significantly different from those pole 
positions. This then provides a quantitative estimate of the age of 
lateritisation of the north Perth Basin. Based on the Tertiary time 
scale proposed by Berggren (1969) the age of the magnetisation, and 
hence the lateritisation is Late Oligocene to Early Miocene.
TABLE 3.1.2
Summary of an F-Ratio Test to Compare the Perth Basin 
Palaeomagnetic Data (Remagnetised) with 
Other Cenozoic Results
Pole
Position
Total
N
Perth Basin 
R1
Other
r2
Total
R
F-ratio for 
2,2(N-2) 
Degrees of 
Freedom
1. 0-5 My 60 13.90703 44.85075 58.45015 14.36
2. 15-20 My 65 13.90702 48.50755 62.27674 3.36
3. 20-25 My 89 13.90702 70.74973 84.55776 1.98* 
Data taken from 1. Aziz-ur-Rahman (1971)
2. McElhinny et at (1974&),, Wellman et at 
(1969) and Irving et at (1961)
3. McElhinny et at (1974a)., Wellman (1975) 
and Robertson (1966)
*1.98 is less than 3.05 and there is no significant 
difference (at the 95 percent level) between the pole 
positions.
1U1
It is possible to infer this age for weathered horizons in 
Northern Territory. Luck (1970) has reported results from the Middle 
Cambrian Montejinni Limestone which (although having mixed polarity 
magnetic directions) are irreconcilable with other Lower Palaeozoic 
data from Australia. He showed that the stable magnetic remanence 
indicated after treatment at 600°C was directed approximately along 
the axis of the present geomagnetic field with normal and reversed 
polarities and concluded that certain levels in the Limestone had 
been remagnetised by chemical action, associated with a weathering 
process during a period covering at least one field reversal. The 
pole position, calculated from Luck’s data (1971), lies at 76°S, 107°E 
(N=12, R=11.039 and Ag5=140) and is indistinguishable from the pole 
position given here for the north Perth Basin sediments. This suggests 
a synchronous remagnetisation event for a large area of northwestern 
Australia (and possibly most of northern Australia). The evidence 
for Mesozoic lateritisation in South Australia (Daily et al> 1974 and 
Section 3.3) restricts correlations with southern regions (see Section 
3.4).
In conclusion, the chronological order of events in the Perth 
Basin appears to have been
i) a pre-Late Oligocene uplift of the Western Australian 
shield area, followed by
ii) a prolonged period of laterite formation in the 
Late Oligocene to Eartly Miocene.
This concurs with the geological information of Playford (1954),
Condon et at (1956) and McWhae et at (1958). The younger ages of 
Pliocene or Pleistocene are considered unlikely in view of 
palaeomagnetic data now available.
3.2 SPRINGFIELD AND TELFORD BASINS, S.A.
3.2.1 Introduction and Geology
Small structural basins preserved within the folded Adelaidean 
strata of the Flinders Ranges, about 400-500 km north of Adelaide,
S.A., have been reported to contain red-bed facies (Johnson, 1960;
Von der Borch, 1960; Brown et als 1968; Parkin, 1969 and Johns,
1972). Playford and Dettman (1965) have described a very Late 
Triassic and possibly Early Jurassic microflora from the coal measures 
which overly (generally conformably) the red-bed sequences, which 
are therefore thought to be Triassic, probably Middle Triassic, in 
age.
The largest of these basins (the Telford Basin at Leigh Creek), 
is less than 8 km in diameter, while others are smaller. The 
Springfield Basin, about 100 km south, is elongated and less than 
half the size of the Telford Basin. The red-bed facies are best known 
from surface exposures in the Springfield Basin. All the basins show 
a synclinal structure which is thought to be the result of post 
depositional folding (pera.comm. B.P. Webb, Department of Mines, S.A.). 
Since red sediments have previously successfully been used for 
palaeomagnetic studies, these basins would appear to present an ideal 
opportunity to further investigation of the geomagnetic field in 
Australia during Triassic times.
3.2.2 Sampling and Results
A reconnaissance survey of the basins quickly revealed the true 
nature of the red sediments. The duri-crust (Woolnough, 1930) and 
weathered nature of surrounding outcrops are similar to other areas
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Fig. 3.2.1 Site and sample localities in the Springfield and Telford 
Basins, South Australia. Surface exposures in the Telford Basin are 
largely purple ferrugenous formations.
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studied in Australia (Sections 3.1 and 3.3) where complete chemical 
remagnetisation due to lateritisation is evident. The red facies of 
the Springfield Basin appeared to have been the result of weathering 
processes occurring post-folding. No red horizons have been 
intersected by drills in the subsurface of the Telford Basin (pere. 
comm. Jack Townsend, Department of Mines, S.A.).
Early palaeomagnetic studies of sediments have been almost 
entirely restricted to highly coloured sediments because these tend 
to have higher magnetic intensities and are more easily measured on 
the equipment then available. However, recent advances in 
palaeomagnetic techniques (Collinson, 1975) have greatly expediated 
the measurement of weak magnetic intensities (Section 1.4). Within 
the Springfield and Telford Basins a number of brown (rather than red) 
horizons outcrop, which are void of some of the secondary features 
shown by the red horizons (nodules and concentric zonings of red 
layers). These were thought to be more likely to possess original 
magnetisation than the red horizons. Some time was therefore spent 
in the two Basins searching for the freshest exposures of this material, 
where the geological strike and dip of the beds could also be 
determined. Six suitable sites were found in creek gullies and on 
mesa escarpments with a range of bedding attitudes which might provide 
a fold test (Section 1.4). Four of the sites were in the Telford 
Basin (samples 1049-1071) whilst the remaining two were in the 
Springfield Basin (samples 1072-1083). The material sampled was of 
a soft clay nature which required block sampling (rather than drilling). 
Often the sites were exposed using a pick-axe. Seven sites with 
various bedding attitudes were also collected from the red horizons 
in the Springfield Basin to provide conclusive information concerning 
the possible secondary nature of their colouring. Most of these
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samples were also a soft clay although some samples were deliberately 
collected from hard purple ferruginous sandstone, locally known as 
ironstone, which was found near the surface.
A sun compass/clinometer and magnetic compass were usually used 
to orient the samples which were then removed and carefully packed 
for transportation. A total of 83 samples from 13 sites were collected 
and later cored and sliced in the laboratory. Whereas water is 
normally used as a lubricant during drilling, air was used to drill 
the brown clay to prevent the samples disintegrating under the drill 
pressure. Measurements of the specimens of brown clay were made on 
the cryogenic magnetometer (Section 1.4). This instrument is extremely 
rapid, its speed being independant of the magnetic moment of the 
specimen being measured, however the instrument cannot measure 
moments in excess of 2 yAm2 (200 mAm 1 intensity for a 10 cc specimen). 
This is not normally a restriction when measuring sedimentary rocks 
except when dealing with lateritic materials which are usually iron 
enriched. Specimens of the red clay and ferruginous sandstone 
(ironstone) were therefore measured on the DIGICO spinner magnetometer. 
All subsequent calculations were performed on the DIGICO mini-computer.
All specimens were step-wise demagnetised using a furnace and 
coils similar to the equipment described by McElhinny et at (1971).
On the basis of their obvious lithological differences and NRM 
characteristics, the red clays (including the ironstones) and brown 
clays were treated separately.
Red Ctay8 Intensities of NRM for the red clays (and ironstones) 
were commonly around 0.5 Am”1. The directions of the NRM formed two 
almost anti-parallel groups (Fig.3.2.2) indicating a high degree of 
stability. After thermal cleaning at 300°C the two groups persisted,
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SPRINGFIELD BASIN -  INTENSITY DEMAGNETISATION
BROWN CLAY-A
BROWN CLAY-B
) 400
TEMPERATURE CC)
BROWN CLAY-C
RED CLAY
TEMPER AT UR EC C )
F i g .3 .2 . 2 Intensity demagnetisation curves comparing those from
samples of red and brown clays. Note plateau region in curves 
from brown clay A and B.
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although each became more tightly clustered. Most sites were taken 
in strata of different attitudes but on application of the relevant 
corrections the directions became scattered indicating a negative 
fold test. The magnetisation of the red beds therefore post dates 
folding. Fig.3.2.2 shows the two groups at 400°C (a little steeper 
than the dipole field) which is virtually the same as the 300°C 
distribution (the mean sample and mean site directions are given in 
Table 3.2.1).
TABLE 3.2.1
Springfield and Telford Basins
Direction Pole
Site N Polarity* Dec (°) Inc(°) R Lat
(°S)
Long
(°E)
Red Clay - 1 6 r 185.2 56.1 5.99 83.7 96.5
2 8 r 182.8 56.6 7.98 84.3 114.5
3 5 m 202.8 57.7 4.95 70.3 73.6
4 7 m 185.1 56.6 6.99 83.3 100.4
5 5 n 16.3 -59.5 4.97 74.4 85.0
6 6 r 181.9 56.9 5.98 84.3 122.8
All samples 37 187.8 57.3 36.77 81.2 93.1
All sites 6 188.8 57.4 5.96 80.4 90.5 (A95= 5.6°)
Brown Clay 6 r 98.4 75.3 5.81 31.9 171.1 (a95=13.40)
*m indicates mixed, n normal and r reversed polarities
These groupings persisted throughout each stage of demagnetisation to 
670°C. Several samples contained both the reversed and the normal 
component of magnetisation. This was discovered when specimens taken 
from these samples (which recorded lower intensities and scattered
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directions) were sliced into smaller fractions with the result that 
the two components could be physically isolated. Generally no 
accompanying changes in lithology could be detected. More sample 
mean directions were of reversed polarity than of normal polarity.
This became more evident during cleaning when some of the less stable 
magnetisations moved to the reversed direction after the removal of 
a soft component, presumably directed closely to the present field 
at the site.
Brown Clay NRM intensities of the brown clays contrasted 
strongly to the NRM intensities of the red clays. They were usually 
in the range 1-10 mAm”1. Their NRM directions also differed from 
those of the red clays in that they were more scattered and all 
normally polarised. Sample mean NRM directions are presented in 
Fig.3.2.3. Some streaking of directions towards the present field 
direction is apparent, indicating the magnetisation of the brown clays 
probably consists of two components, one a secondary component in the 
present field direction and the other a primary component directed 
at some angle oblique to the present field.
During demagnetisation most of the secondary components were 
preferentially removed from the samples, although the primary 
components were also demagnetised to some extent. In some samples 
this prevented the primary magnetic direction from being precisely 
determined because the primary intensity was close to the lower limit 
of measurement of the magnetometer (<50 yAm"1). Specimen directions 
of six samples that revealed measurable stable primary components 
from 400-600°C are shown in Fig.3.2.3. The sample mean directions are 
marked with a square. All these samples were derived from two sites 
(in the Springfield Basin) which were stratigraphically separated by 
approximately 1 m. The bedding attitude of the two sites were both
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SPRINGFIELD BASIN 
BLOCKING TEMPERATURE SPECTRA
BROWN CLAY-A,B
BROWN CLAY- C
RED CLAY
) 400
TEMPERATURE (°C)
Fig.3.2.3 Blocking temperature spectra comparing those from 
samples of red and brown clays. The blocking temperature spectrum 
from brown clay A and B are distinctly bimodally distributed.
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striking 320° and dipping 15° to the SW. If the primary magnetisation 
of these beds pre-dates the folding (or is original) then the magnetic 
directions with respect to the palaeo-horizontal is found by unfolding 
the directions. A single fold correction was used because the fold 
axis of the basin does not plunge (Fig.3.2.1). The rotated directions 
are shown in Fig.3.2.3, which, although not as tightly grouped, appear 
to be distinct from the cleaned red clay directions. The six mean 
brown clay sample directions, after bedding correction, have been 
combined in Table 3.2.1.
Intensity Demagnetisation Curves Typical intensity 
demagnetisation curves are presented in Fig.3.2.4 which compares 
curves for different groups. Brown clay - A and B refers to the 
specimens of brown clay which are thought to yield primary (probably 
original) magnetisations, while brown clay - C refers to specimens 
of brown clay in which the primary component (although thought to be 
present) could not be isolated. The set of curves denoted red clay, 
are intensity demagnetisation curves derived from the samples of red 
clay and ironstone. The samples of ironstone showed a peculiar 
increase in intensity above 600°C before reducing to zero near 680°C. 
The remaining red clay samples all monotonically decreased in intensity 
during demagnetisation. The form of these curves is obviously 
different from those for the brown clays, which can be divided into 
two groups. The first group, comprising curves for brown clay - A 
and B, show a pronounced plateau region from 300-600°C. The intensity 
of some specimens even increases slightly over this range, indicating 
the preferential removal of a component directed obliquely to the 
more fundamental primary direction. The second group of curves 
(brown clay - C) reveal a steady decrease in intensity and above 
400°C intensities of less than 10% of NRM intensities are common.
Ill
SPRINGFIELD BASIN
RED CLAYS
CLEANED
400*C
Fig.3.2.4 Natural remanent magnetisation and cleaned directions 
from samples of the red clays.
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This in itself is no basis for rejecting these results but it does 
indicate another contrast between results from the brown clays.
When used in conjunction with the directional data it justifies 
segregating the brown clay - A and B results from those of the brown 
clay - C.
Blocking Temperature Spectra The above distinctions are also 
revealed in the blocking temperature spectra which are derived from 
the intensity demagnetisation curves by calculating the gradients of 
the curves. The upper and lower limits of the spectra for each 
group are shown in Fig.3.2.5. The blocking temperature spectra for 
brown clay - A and B, clearly show a bimodal distribution which is 
not a feature of the other spectra. The secondary components are 
characterised by low blocking temperatures while those that are primary 
have blocking temperatures concentrated between 550°C and 670°C. The 
blocking temperature spectra for brown clay - C are clearly weighted 
towards the lower temperatures with only a minor proportion lying 
above 550°C. The results from the red clay displays a thermally 
distributed blocking temperature spectrum, with a slight bias towards 
higher temperatures, reflecting the processes involved in their 
formation.
3.2.3 Discussion and Conclusions
Perhaps the most distinguishing feature of the red clays from 
the brown clays, is their high magnetic intensities. Such high 
intensities are not typical of sediments (even normal red beds) and 
must be attributed to formation under abnormal conditions. In the 
Perth Basin (Section 3.1), comparable intensities were interpreted 
as resulting from the preferential enrichment of iron-oxides in 
certain horizons by seasonal ground water percolation in the water
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SPRINGFIELD BASIN -  BROWN CLAYSN
300.
CLEANED
4 0 0 ~ 6 6 0 #C
BEDDINGPLANE(DOWN)
Fig.3.2.5 Natural remanent magnetisation and cleaned
directions from samples of the brown clays.
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table. This proposal was supported by the geological evidence that 
laterite capped mesas, which dominate the landscape, appeared to be 
remanents of a once continuous profile which has since been dissected 
(Playford, 1954) . If a similar process of lateritisation was also 
operative in the Springfield and Telford Basins, it is difficult to 
understand why some layers have been remagnetised while others have 
apparently escaped this effect. The existence of pyritic shales in 
the subsurface (pers.corm. Jack Townsend, Department of Mines, S.A.) 
offers an explanation. The pyritic shales, which were probably 
originally formed under reducing conditions, along with the coal 
measures, have oxidised on exposure above the water table. The 
claystones present are very fine grained and have very low permeability. 
The sandstones, on the other hand, with high original permeability 
appear to have been remagnetised similarly to the Perth Basin sediments 
(Section 3.1). Some of the ironstone samples collected in the 
Springfield Basin contain quartz grains, cemented with an iron rich 
compound and have probably formed in this manner.
The palaeomagnetic poles (Table 3.2.1) for the red clay 
is shown in Fig.3.4.1, with their respective error (95% 
cones of confidence) circles. The brown clay pole position although 
not precisely defined, is clearly distinct from the red clay pole 
position because their cones of confidence do not intersect. However 
the pole position determined from the brown clay is not significantly 
different from the Early Jurassic pole position. This was found to 
be the case with Middle-Late Traissic and Jurassic data of Africa 
by McElhinny and Brock (1976). This is supporting evidence that the 
magnetisation of the brown clay beds has been correctly interpreted 
as original.
The red clay pole position plots closely to the 25-20 My and 
20-15 My pole groups for Australia (Fig.3.4.1). These pole groups 
have been determined from the study of basalt flows in eastern 
Australia (McElhinny et at, 1974&). The pole position yielded by the 
lateritised sediments of the Perth Basin is also in close agreement 
(Section 3.1). Table 3.2.2 gives the results of F-tests carried out 
between the site mean pole (VGP) positions given in Table 3.2.1 and 
the VGP positions of the 15-20 My and 20-25 My groups.
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TABLE 3.2.2
Springfield Basin 
Summary of F-Ratio Tests (F2,2(N-2) (N-2) R]+ R2-RN-Ri-R2.
Pole Group Ni n 2 N R1 r 2 R
Significance 
f2,2(N-2) Point
(95%)
15-20 My 6 51 57 5.96443 48.50755 54.46304 0.22 3.08
20-25 My 6 75 81 5.96443 70.74973 76.63530 1.45 3.06
Perth Basin 
laterite
6 14 20 5.96443 13.83395 19.79266 0.51 3.26
The red clay pole position is not significantly different from any of 
the groups tested. The age inferred for the magnetisation is therefore 
25-15 My (Late Oligocene to Early Miocene) which is similar to the 
age estimate for the Perth Basin laterite vis. 25-20 My. The 
processes involved in producing this weathering profile appear to 
have been operating during the same period of time implying that the 
Perth Basin, Springfield and Telford Basins underwent similar 
conditions during the Late Oligocene and Miocene.
In conclusion, the sediments of the Springfield Basin have 
suffered a considerable amount of remagnetisation. This occurred 
after folding, aided by the prevailing climatic conditions. By 
comparison of the pole position with the Australian apparent polar 
wander path the age of folding is probably Late Oligocene. Some 
brown clay horizons, on the other hand, do not appear to have been 
remagnetised and the pole position calculated is not different from 
other pole positions of that age.
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3.3 KANGAROO ISLAND LATERITE, S.A.
3.3.1 Introduction and Geology
The high level laterite profile that outcrops in the Mt Lofty 
Ranges and the plateau areas on Kangaroo Island has been the focus 
of attention by many workers over the last half century. A recent 
publication by Daily et at (1974), which instigated the present 
investigation, gives stratigraphic, geomorphological and radiometric 
evidence that this laterite is older than Middle Jurassic but younger 
than middle Permian. They suggest the most likely age is Triassic 
from palaeoclimatic and palaeontological considerations. The Kangaroo 
Island basalt (Section 4.3), which is about 170 My old (McDougall and 
Wellman, 1976) overlies highly weathered, leached and kaolonised Late 
Palaeozoic glacigene sediments that have been affected by the 
weathering processes responsible for the lateritisation (Daily et at> 
1974) . The basalt shows no signs of having suffered lateritisation 
and, in fact, is so fresh that Glaessner and Wade (1958) were led to 
consider it to be Late or post-Tertiary in age. Although there is 
no complete laterite profile beneath the basalt, its freshness,
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radiometric age and stratigraphic position relative to the truncated 
laterite profile suggests that the laterite is older than the basalt 
yet younger than the Late Palaeozoic sediments. The weathering 
processes of lateritisation often impart a CRM to the affected rocks. 
This magnetisation has previously been shown to be stable (Sections 
3.1 and 3.2) but usually cannot be independently dated because the 
ages of duricrusts are often controversial. With apparent good age 
control now available for the Kangaroo Island laterite it was decided 
to investigate it palaeomagnetically.
3.3.2 Sampling and Results
During a recent field trip to collect Early Cambrian samples 
of the red sandstone sequences of northeastern Kangaroo Island, Dr 
Chris Klootwyk and Joe Kirschwinck were able to collect eleven block 
samples from two sites in the laterite profile on Kangaroo Island.
It is important to point out that samples from these sites were not 
collected from the laterite capping but rather from what appears to 
be underlying ferrugenous horizons within the pallid zone. Careful 
handling of the samples enabled between three and six specimens to 
be drilled from each using air as a lubricant. All specimens were 
thermally demagnetised at four steps between 200°C and 620°C. 
Directions at 620°C which are consistent with directions measured at 
600°C are assumed to be stable and primary. From this analysis 
eight sample mean directions have been calculated to yield two site 
VGP positions. Fig.3.3.1 illustrates the comparison of NRM and 
cleaned directions for specimens which were included in the final 
analysis. The results from the three samples which were rejected 
showed a similar trend to the other results although they failed to 
reveal a stable direction. The stable directions plot in two anti­
parallel groups. Specimen directions were used in Fig.3.3.1 to
] 1 8
KANGAROO ISLAND LATERITE
CLEANED DIRECTIONSNRM DIRECTIONS
Fig.3.3.1 Natural remanent magnetisation and cleaned directions 
from the Kangaroo Island laterite, South Australia.
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emphasise the polarity zoning within samples. At both sites mixed 
polarities were encountered although only one sample was seen to be 
of entirely normal polarity. This mode of polarity occurrence has 
been found at the other laterite localities in the Perth, Springfield 
and Telford Basins (Sections 3.1 and 3.2). It is not clear if this 
is caused by a field-reversal or a self-reversal (Section 1.4). If 
a field-reversal is implicated then a considerable period of time 
(103 4 yr) must be represented by the laterite samples.
TABLE 3.3.1
Kangaroo Island Laterite
Site N
Direction 
Dec(°) Inc(°)
Pole
Lat
(°S)
Long
(°E)
A95n
KLA
(35°39’S, 137°18,E)
3 186.1 59.7 82.8 95.6 27.9
KLB
(35°38’S, 137° 29'E)
5 181.8 54.1 88.4 18.8 8.3
Mean 2 183.7 56.9 86.1 83.9 15.3
The directions from site KLA were generally more scattered than 
those from KLB which may reflect the peculiar polarity zonations 
within some samples. Some directions may consist of two almost 
anti-parallel components similar to those reported from the Springfield 
and Telford Basins (Section 3.2).
3.3.3 Discussion and Conclusion
The mean pole position of the two sites is 86°S, 84°E (A95=15°) 
and is plotted in Fig.3.4.1. This pole position is in the proximity
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of the Late Tertiary section of the Australian apparent polar wander 
path. The magnetic directions measured here are very different to 
those measured in the Kangaroo Island basalt (Section 4.3). If the 
laterite is Late Palaeozoic or Early Mesozoic then the original 
magnetic directions must have been considerably different to those 
given in Fig.3.3.1 which implies that these directions are either 
not original or that the laterite is in fact Late Tertiary in age.
The stability of the magnetisation to thermal demagnetisation and 
the presence of reversed directions indicates that the magnetisation 
is not of Recent origin.
Ollier (1969) cites examples of sub-basaltic weathering in 
Victoria which shows that the outflow of basaltic lava does not 
necessarily protect underlying rocks from weathering and in fact it 
may even enhance their weathering. This evidence and the palaeomagnetic 
results from the weathering profile suggests that the laterite is 
Tertiary and not Triassic in age.
3.4 GEOLOGICAL AGE AND MAGNETIC AGE
It is just as important in palaeomagnetism to fix the age of a 
magnetisation as it is to establish its stability. Several field 
tests have often been used by workers to constrain the age of a 
magnetisation of which the fold test (Graham, 1949) is probably the 
most commonly used (Section 1.4). This test was invoked in Sections 
3.1 and 3.2 to conclude that the magnetisations of the Perth, 
Springfield and Telford Basin sediments were largely secondary and 
post-folding. The magnetisation of the Kangaroo Island laterite 
(Section 3.3) was similarly shown to be secondary using the consistency 
test. Secondary magnetisation in the Northern Territory has also 
been implicated to explain the anomalous pole position of the Middle
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Cambrian Montejinni Limestone (see Section 3.1). The pole position 
calculated from the stable directions of magnetisation of all these 
remagnetised formations (Fig.3.4.1) are statistically indistinguishable 
which suggests that their magnetic ages are indistinguishable (using 
palaeomagnetism) and are probably all Late Oligocene to Miocene.
The formation ages on the other hand, as determined from geological 
considerations, range from the Cambrian through to the Cretaceous.
Thus it is evident that regional remagnetisation of many sedimentary 
rocks in Australia occurred in the mid-Tertiary.
To interpret early palaeomagnetic results of Early Palaeozoic 
rocks of North America and Europe Creer (1968) argues for their 
remagnetisation during the Upper Palaeozoic while occupying low 
palaeo-latitudes (the Remagnetisation Hypothesis). Many of these 
rocks formations contain iron oxides of secondary origin which have 
been formed by the dehydration and oxidation of iron hydroxides and 
oxyhydroxides. Creer (1968) also notes that rock formations from 
tropical countries with wet seasonal climates, which presently occupy 
low latitudes, have been almost completely remagnetised in the 
normal or reverse sense of the present axial dipole field in Recent 
geological times.
The processes of chemical magnetisation invoked to explain 
remagnetisation are associated with the formation of laterites and 
red soils which are common in tropical latitudes and/or environments 
today. Using ecological evidence Churchill (1973) reasons that the 
hottest of the coastal, wet tropics extended over a belt that reached 
not less than 35°S and probably 60°S in Australia during the Middle 
to Late Eocene. Since Australia drifted northward during the Tertiary 
it is not unreasonable to suggest that a tropical climate in Australia 
persisted throughout much of the Tertiary, until the present day.
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Fig. 3.4.1 Pole positions from remagnetised rock units compared 
to the Australian Tertiary Apparent Polar Wander (APW) path.
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Consequently, lateritisation and the production of duri-crust and 
silcrete were probably widespread in Australia during the Tertiary 
which readily explains the results from the Perth, Springfield and 
Telford Basins and Kangaroo Island. These results emphasise the 
importance in palaeomagnetism of the relation of magnetic age to 
rock formation age.
Ollier (1969) discusses case studies of weathering histories 
in many regions which are based upon stratigraphic relationships.
It is clear in these circumstances that the weathering ages can be 
constrained to a minimum although their possible maximum ages are 
debatable. Ages of duricrusts (and associated weathering cycles) 
are commonly controversial where stratigraphic methods are all that 
are available. Langford-Smith and Dury (1965) and Young (1974) 
present specific problems which might be elucidated if the 
palaeomagnetic method (similarly to that above) was applied. In 
conclusion it follows that if the magnetic age can be confidently 
related to the time of CRM, then this method yields an independant 
age that may be compared to the stratigraphic age.
Chapter 4
MESOZOIC IGNEOUS ROCKS
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4.1 WESTERN VICTORIA BASALT, VIC.
4.1.1 Introduction and Geology
Small plugs and thin but extensive basalt flows occur near the 
western border of Victoria where they are well exposed in quarries, 
river banks and hillsides (Spencer-Jones, 1956). The plugs intrude 
Permian fluvio-glacial sediments and are overlain by Oligocene to 
Miocene marine sediments. South of the township of Harrow, basaltic 
flows are overlain by Oligocene to Miocene sediments. The igneous 
rocks have been radiometrically dated by McDougall and Wellman (1976) 
who assign them to the Early Jurassic or an older epoch. The results 
from one of the plugs gave an age of 191±5 My while a flow sample 
containing much devitrified glass gave a poor minimum age of 77 My.
4.1.2 Sampling and Results
Six sites have been sampled from which a total of 49 block 
samples were collected. The sites included two quarries, a riverside 
outcrop and three small hillside excavations (Fig.4.1.1). The samples 
were oriented in the usual manner (Section 1.4) from which four or 
more specimens were prepared and measured on the DIGICO magnetometer. 
All specimens were subjected to step-wise demagnetisation using the 
AF demagnetiser. The cleaned directions of all samples are shown in 
Fig.4.1.2. The majority of specimens reveal a stable (original) 
direction above 20 mT, after the removal of a large secondary component 
(shown by their demagnetisation curve and coercivity spectrum). Five 
sites (Wl, W2, W4, W5 and W6) contain normal directions while one site
3 7 30 S
125
h i 'oo' e
WESTERN 
VICTORIA BASALT
Mo  r ee
W3
W 2 — he t wync
Dergholm
W l —► S a m p l i n g  S i t e
Ba sa 11 ou tc rop 
0 5 km
LOCALITY 
„ MAP
C A S T E R T O N
F i g . 4 . 1 . 1 Site localities in the western Victorian basalt.
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Fig.4.1.2 Natural remanent magnetisation and cleaned directions, 
intensity demagnetisation curve and coercivity of remanence spectrum 
from the western Victoria basalt.
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is reversed (W3). The specimens with reversed polarities initially 
increase in intensity during demagnetisation while specimens with 
normal polarities decrease in intensity indicating the secondary 
components removed are not randomly distributed. They are directed 
closely to the present field axis. The mean site directions and 
poles are given in Table 4.1.1.
TABLE 4.1.1
Western Victoria Basalt (191 My)
SITE
MEAN
DIRECTION
M R
POLE
POSITION
Dec (°) Inc(°)
IN
Lat
(°S)
Long
(°E) A95(e)
W1 - Moree Quarry 
(37°20’S, 141°30’E)
291.3 -74.3 12 11.16 46 184 18
W2 - Chetwynd
(37° 20’S, 141° 24’E)
306.4 -60.2 3 2.99 49 208 13
W3 - Government Quarry 
(37°20'S, 141°20'E)
132.9 62.5 9 8.79 55 204 12
W4 - Dergholm
(37°20’S, 141°20’E)
304.4 -70.2 2 1.95 49 181 —
W5 - Red Cap
(37°24’S, 141°20'E)
206.8 -77.7 8 7.78 17 151 17
W6 - Wando Vale 
(37°30’S, 141° 30'E)
333.2 -79.9 2 1.99 54 ~ 156 —
Mean Pole Position - sites 6 5.64 47 178 18
- samples 36 31.05 45 179 10
The presence of reversal indicates that the time interval covered 
by sampling is considerable (103-104 yr; McElhinny, 1971) and strongly 
suggests that there is more than one flow represented. Transitional 
or intermediate directions (Section 1.4) are omitted from final 
calculations. One such direction possessed an abnormally high NRM
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intensity and could have resulted from a lightning strike.
4.1.3 Discussion and Conclusion
The pole position given in Table 4.1.1 is plotted in Fig.4.9.1 
with other Mesozoic pole positions. This pole position is at 47°S, 
179°E (A95=18°) and was one of the first poles which showed there to 
be an inconsistency within the Australian Mesozoic data and led to 
the suggestion that the Australian Jurassic and Cretaceous poles 
ought to be considered separately (Schmidt, 1976a). The pole position 
also showed good agreement with other poles from Gondwanaland 
(Section 4.9). At this stage the anomalous Jurassic directions from 
southeastern Australia remained unexplained although it was thought 
the fact that the concordant results and the anomalous results were 
derived from different geographical regions (see Fig.1.3.1) may have 
been significant.
4.2 GARRAWILLA VOLCANICS AND NOMBI EXTRUSIVES, N.S.W.
4.2.1 Introduction and Geology
Following the discovery of inconsistent results (see previous 
section) from Australian Jurassic igneous rocks (particularly between 
those from the southeast and elsewhere) the investigation was extended 
to other Jurassic rocks from southeast Australia.
A sequence of basic lavas which occur in northeastern N.S.W., 
have been described by Bean (1974). They belong to two different 
types of volcanism which Bean (1974) refers to as the Garrawilla 
volcanics and Nombi extrusives. The lavas are comprised of basalt, 
hawaiite, mugearite, trachyte and basinite and their present total
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thickness is 180 m. In addition to the flows, a number of dolerite 
bodies are intrusive, forming sills and dykes within the lava sequence 
and underlying Triassic sedimentary rocks. These are known as the 
Glenrowan intrusives.
An age of the Garrawilla volcanics has been determined by K-Ar 
analysis as 193±10 My while a date of 181±5 My was given by the 
Glenrowan intrusives (Dulhunty and McDougall, 1966). The lavas are 
overlain at their margins by Jurassic sedimentary rocks and they in 
turn overly Triassic sediments. These relationships and the radiometric 
ages indicate a latest Triassic/Early Jurassic age.
4.2.2 Sampling and Results
All sampling sites are shown in Fig.4.2.1. Three sections were 
sampled (Table 4.2.1) in the lava sequence, two of these including 
Nombi extrusives while the third was entirely comprised of Garrawilla 
volcanics. Usually three cores were drilled from each flow and 
altogether twenty flows were sampled, nine of these being from Section 
1. As well as the flows, the Glenrowan intrusives were sampled at a 
site in a roadcutting 2 km south of Mullaley.
Samples have been subjected to both AF and thermal demagnetisation 
procedures to establish the stability of magnetisation and eliminate 
secondary components when present. Precautions used throughout the 
experimental procedure concerning RRM have been detailed in Section 
1.5. Illustrations of the coercivity of remanence spectra and 
intensity demagnetisation curves for two samples of Nombi extrusives, 
three samples of Garrawilla volcanics and one sample of Glenrowan 
intrusives are given in Fig.4.2.2. Results from the Nombi extrusives 
and Garrawilla volcanics display similarly shaped curves and large 
proportions of their coercivities of remanence being below 15-20 mT,
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Fig.4.2.1 Sites and sections sampled in the Garrawilla volcanics, 
Nombi extrusives and the Glenrowan intrusives, New South Wales.
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TABLE 4 . 2 .1
G a r r a w i l l a  V o lcan ics  and Nombi E x t r u s i v e s  (193 My)
S e c t i o n - S i t e RockType* N R Dec (°) In c ( ° )
Lat
C°s)
Long
(°E)
1-1 (31 .2°S ,  149 .8°E) GW 2 1.99 317.8 -79 .0 45.4 170.0
1-H NB 3 2.99 281.7 -77 .7 32.9 177.6
1-G NB 3 2.99 277.5 -78 .2 31.4 176.4
1-F GW 2 1.99 295.1 -76 .1 38.6 180.7
1-E GW 2 1 . 8 7 2 0 . 4 - 6 9 . 0 RANDOM
1-D GW 2 1.99 311.9 -74 .3 47.0 182.1
1-C GW 2 1.99 285.0 -70 .8 33.4 199.2
1-B GW 3 2.97 11.0 -70 .1 65.7 133.9
1-A NB 3 2.96 319.5 -68 .8 53.8 192.3
2-F (31 .2 °S ,  1 4 9 .8°E) NB 2 1 . 9 7 1 8 7 . 2 -  2 . 7 OBLIQUE
2-E GW 3 2.99 291.5 -71 .3 37.2 190.7
2-D GW 2 1.99 317.2 -77 .8 46.4 172.8
2-C NB 3 2 . 6 3 1 3 . 6 - 5 3 . 3 RANDOM
2-B GW 3 2 . 9 7 1 3 8 . 3 - 2 8 . 4 OBLIQUE
2-A GW 3 2.99 347.5 -63 .3 73.2 181.9
3-E ( 3 1 . 3°S, 1 49 .7°E) GW 3 2 . 4 3 2 7 4 . 6 - 5 8 . 4 RANDOM
3-D GW 2 1.97 354.7 -68 .0 69.8 159.4
3-C GW 3 2 . 4 4 6 5 . 0 - 1 8 .6 RANDOM
3-B GW 3 2.96 303.3 -74 .4 43.0 183.5
3-A GW 3 2.84 162.4 -80 .5 13.5 144.0
Mean - samples 36 34.96 316.1 -76 .8 46.8 175.1
- p o le s 14 13.75 315.9 -7 6 .7 46.1 175.2
(A95=10.0°)
*GW r e f e r s  to  G a r r a w i l l a  V o lcan ics  while  NB r e f e r s  to 
Nombi E x t r u s i v e s .
NO
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Fig.4.2.2 Intensity demagnetisation curve and coercivity of 
remanence spectrum for samples of the Garrawilla volcanics, Nombi 
extrusives and the Glenrowan intrusives.
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while the characteristics of the Glenrowan intrusives are more 
distributed. This is to be expected because a relatively high 
percentage of the magnetic carriers in the Garrawilla volcanics and 
the Nombi extrusives display shorter relaxation times (reflected by 
their susceptibility to VRM and RRM —  Section 1.5) than do those 
of the Glenrowan intrusives.
NRM and cleaned directions of magnetisation from both 
Garrawilla volcanics and Nombi extrusives are compared in Fig.4.2.3, 
the rejected directions being marked with a cross. Results from six 
sites were rejected because their directions were either internally 
random or oblique to the overall site mean direction and are therefore 
not considered close records of the axial field direction at the time 
of formation. Random directions were defined after Irving (1964), 
except when N=2 where Rq=1.90 (which corresponds to 095=90°) was used. 
Oblique directions have been determined using the system described 
in Section 1.4. The lavas and the intrusion are all of normal 
magnetic polarity with no reversed directions being detected. For 
consistency of interpretation and presentation, the results from the 
Glenrowan intrusives are included with the results from the other 
intrusive rocks of New South Wales (see Section 4.5).
4.2.3 Discussion and Conclusion
The site VGP positions (using the flow as the unit of 
observation) for the Garrawilla volcanics and Nombi extrusives give 
a palaeomagnetic pole at 46°S, 175°E (A95=10°) which is plotted in 
Fig.4.9.1. This is indistinguishable from the pole position reported 
for the Western Victoria basalt (Section 4.1) which indicates that 
at least some results from the southeast part of Australia and 
elsewhere (specifically western Victoria) are consistent with those 
required for the existence of the Gondwana continents during the
GARRAWILLA VOLCANICS a  NOMBI EXTRUSIVESi ■
A  SITE MEAN DIRECTIONS A
Fig.4.2.3 Natural remanent magnetisation and cleaned directions 
for the Garrawilla volcanics and the Nombi extrusives. Site mean 
directions are given and the rejected directions are marked with 
cross.
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Jurassic in a Smith-Hallam reconstruction (Section 4.9).
4.3 KANGAROO ISLAND BASALT, S.A.
4.3.1 Introduction and Geology
On Kangaroo Island a basalt flow of about 15 m thickness is 
exposed near Kingscote in quarries and coastal cliffs, while 10 km 
to the west the basalt occurs as breakaways on flat-topped hills 
around Wisanger (Daily et at, 1974). A further outcrop is poorly 
exposed 34 km east of Kingscote near Penneshaw. McDougall and Wellman 
(1976) obtained the following dates from three samples of the basalt, 
165±4, 168±4 and 175±4 My, using the K-Ar technique. The age of the 
basalt is therefore Middle Jurassic which is the same age as the 
Tasmanian dolerite (Section 4.4) although younger than both the 
Western Victoria basalt, Garrawilla volcanics (and Nombi extrusives).
4.3.2 Sampling and Results
A total of 31 samples were collected from three sites. The 
first, and best exposed of these, was the Old Government quarry at 
Kingscote and the other two were hillside outcrops near Wisanger and 
Penneshaw (Fig.4.3.1).
Most sample mean directions change considerably (up to 80°) 
before becoming stable (usually above 20 mT peak field) during AF 
demagnetisation. This is reflected in the demagnetisation curve and 
coercivity spectrum which show a large secondary component is removed 
before the 20 mT peak field is reached (Fig.4.3.2). The secondary 
magnetisation of the Wisanger and Penneshaw sites have a wider 
coercive force spectrum than that of the quarry site, probably
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Fig.4.3.2 Natural remanent magnetisation and cleaned directions,
intensity demagnetisation curves and coercivity of remanence spectrum 
for samples of the Kangaroo Island basalt. Rejected directions are 
marked with a cross.
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reflecting the different states of weathering of the samples collected. 
A number of directions from the Wisanger and Penneshaw sites, remained 
oblique to the principal axis of magnetisation. They have been 
omitted from the final calculations on the premise that they are 
anomalous directions as previously described (Section 1.4). The 
possibility that these directions actually arise from inadvertant 
sampling of slumped blocks must be considered especially since Daily 
et at (1974) specifically note the presence of such blocks in the 
Wisanger area (brought to my attention after making the collection). 
Since no magnetic reversals were measured the oblique directions do 
not appear to be transitional although this does not rule out the 
possibility that they represent intermediate directions (Lawley, 1970; 
Barbetti and McElhinny, 1972 and McElhinny et at, 1974a) . The pole 
position calculated from the remaining 20 samples is given in Table 
4.3.1 and plotted in Fig.4.9.1.
TABLE 4.3.1
Kangaroo Island Basalt (170 My)
SITE
MEAN
DIRECTION
M R
POLE
POSITION
Dec(°) Inc(°) Lat(°S)
Long
(°E)
A 95(°)
Kl - Old Government Quarry 
(35°36 ’S, 137°30’E)
272.7 -72.7 10 9.74 32 173 12
K2 - Wisanger
(35° 36'S, 137° 30'E)
298.7 -60.9 10 9.35 45 196 17
Mean Pole Position - sites 2 1.96 39 183 —
- samples 20 18.13 39 183 11
The sample mean direction from the Penneshaw site (Kl) which has not 
been eliminated is included with the site mean direction calculated
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for the Wisanger site (K2) in Table 4.3.1.
4.3.3 Discussion and Conclusion
The palaeomagnetic pole position calculated from combining the 
results of the two sites is at 39°S, 183°E which is indistinguishable 
from those reported for the two older formations in the preceding 
sections for the Western Victoria basalt, Garrawilla volcanics and 
Nombi extrusives (Fig.4.9.1). Because the basalt is thin and the 
results from only two sites have been used, it might seem likely 
that secular variation could not have been adequately sampled. The 
excellent agreement with the other pole positions reported in the 
preceding sections however, suggests that the basalt has recorded 
directions which were close to the average geomagnetic field direction 
during the Middle Jurassic.
4.4 TASMANIAN DOLERITE, TAS.
4.4.1 Introduction and Geology
The geology of eastern Tasmania is dominated by thick dolerite 
sills intruding Triassic sediments (Carey, 1958i>) . The age of the 
Red Hill dyke (a part of the dolerite complex) has been shown by K-Ar 
dating to be Middle Jurassic (ca. 170 My — McDougall, 1961). This 
is therefore similar in age to the Kangaroo Island basalt and the 
Ferrar dolerite of Antarctica. The dolerites are also similar 
chemically and almost certainly have been derived from a distinctive 
geochemical source (Compston et dly 1968) . The Tasmanian dolerite 
has received palaeomagnetic attention over a decade ago (Almond et aiy 
1956; Irving, 1956 and 1963) . These results have been documented as
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anomalous in the context of Gondwanaland (see Section 1.2). While a 
variation of the conglomerate test (Graham, 1949) proved positive for the 
Tasmanian dolerite (Irving, 1963), the majority of specimens were not 
treated by demagnetisation techniques and small but systematic magnetic 
components in the present field direction may be present. In fact the 
samples that have been demagnetised (Stott, 1963) from the Red Hill 
Dyke yield a pole position which does agree with the Ferrar dolerite 
pole from Antarctica after rotating the pole according to geological 
and geometrical reconstructions. As noted by Irving (1963), these 
cleaned directions do not vary significantly from the NRM directions 
and do not therefore contain considerable amounts of secondary 
magnetisation in the present field direction. The coincidence of the 
Red Mill VGP and the pole positions for the Garrawilla volcanics,
Nombi extrusives, Kangaroo Island basalt and the Western Victoria 
basalt with the Mesozoic pole position for the rest of Gondwanaland 
(Section 6.1), does however suggest that the application of more recent 
palaeomagnetic techniques to the Tasmanian dolerite might prove 
fruitful.
4.4.2 Sampling and Results
Fig.4.4.1 shows the dolerite outcrop and distribution of the 33 
sampling sites in Tasmania. A number of the sites sampled by Irving 
(1963) have been resampled, however many new sites were sampled to 
achieve a more even distribution. In particular, whereas Irving 
collected 12 sites from the Mt Wellington sill near Hobart, three sites 
were taken for the present study (Table 4.4.1) so diaproportionate 
weight would not be given to this body.
Eleven pilot samples were AF demagnetised in 15 successive steps 
from 5 mT to 200 mT and thermally demagnetised at twelve discrete 
temperatures between 200°C and about 600°C. After each step the sample
TASMANIAN DOLERITE
-sampling sites
50km
TASMANIA
Fig.4.4.1 Site localities in the Tasmanian dolerite. 
Stipled area represents dolerite outcrop.
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TABLE 4.4.1
Tasmanian Dolerite (170 My)
Site N R Dec(°) Inc (°) Lat(°S)
Long
(°E)
Mt Wellington - outcrop at top 
(42.9°S, 147.2°E)
2 1.95 357.0 -83.4 55.7 148.3
Mt Wellington - roaductting 3 km 
from top (42. 9°S, 147.2°E)
2 1.99 292.2 -79.1 47.2 176.5
Mt Wellington - roadcutting at
bottom of sill (42.9°S, 147.2°E)
2 1.98 342.7 -78.1 63.8 162.2
Huonville - quarry 2 km SE 
(43.0°S, 147.0°E)
2 1.99 297.7 -71.2 49.1 196.5
Cradoc - roadcutting 2 km N 
(43. 1°S, 147.0°E)
2 1.99 358.4 -85.4 52.0 147.3
Cygnet, Snug Road - roadcutting 
(43.1°S, 147.2°E)
2 1.99 315.5 -77.4 56.7 178.5
Gretna - roadcutting 3 km N 
(42.6°S, 146.9°E)
2 1.99 259.3 -72.6 30.2 183.9
Hamilton - roadcutting top of Clyde 
Hill (42.5°S, 145.7°E)
2 1.99 265.2 -73.6 33.5 184.1
Ouse, Tarraleagh Road - quarry 
(42.4°S, 146.6°E)
2 1.99 123.0 -73.8 22.3 109.4
Tarraleagh Power Station - roadside 
exposure (42.3°S, 146.5°E)
2 1.99 81.5 -85.1 42.9 133.4
Butlers Gorge Power Station -
roadcutting (42.3°S, 146.3°E)
2 1.99 63.5 -82.2 47.3 125.9
Bronte Vale - roadcutting 2 km N 
(42.2°S, 146.4°E)
2 1.99 39.0 -79.8 55.6 124.4
Great Lake - roadcutting 10 km W 
(42.0°S, 146.5°E)
2 1.99 353.1 -84.6 52.5 148.5
Great Lake - roadcutting 4 km S
Doctors Creek (41.8°S, 146.7°E)
2 1.99 59.7 -59.2 45.7 75.2
Meander - roadside exposure 5 km E 
(41.7°S, 146.7°E)
2 1.98
•
20.9 -85.7 49.5 142.0
Bass Highway - near Sassafras 
(41.3°S, 146.5°E)
2 1.98 42.0 -69.8 59.5 94.9
Devonport - exposure at Mersey Bluff 
(41.2°S, 146.4°E)
2 1.83 331.4 -65.4 68.7 209.2
Launceston - roadcutting 12 km W 
(41.5°S, 147.0°E)
2 1.99 309.4 -84.4 47.8 159.6
Perth - roadcutting 2 km N 
(41.5°S, 147.2°E)
2 1.99 319.0 -81.6 52.6 164.8
Near Sth Esk R - Ben Lomond Road 
(41.7°S, 147.5°E)
2 1.99 319.0 -81.6 52.6 164.8
Continued...
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TABLE 4.4.1
Tasmanian Dolerite (170 My) (Continued)
Site N R Dec(°) Inc(°) Lat(°S)
Long
( ° E )
Cornwall - hill outcrop 1 km N 
(41.5°S, 148.2°E)
2 1.98 243.6 - 3.8 OBLIQUE
Cape Portland - exposure on headland 
(40.8°S, 148.0°E)
2 1.98 286.6 -71.3 41.5 193.6
Cape Portland - hill outcrop 8 km S 
(40.8°S, 148.0°E)
2 1.99 320.2 -81.9 51.9 164.4
Cranbrook - exposure near bridge 
(42.0°S, 148.1°E)
2 1.99 106.9 -86.1 39.3 138.5
Swansea - roadcutting 4 km S 
(42.1°S, 148.1°E)
2 1.99 61.4 -78.5 48.9 107.8
Triabunna - roadcutting 6 km N 
(42.5°S, 147.9°E)
2 1.99 300.1 -80.2 49.3 173.3
Buckland - roadcutting 8 km W 
(42.6°S, 147.7°E)
2 1.99 283.5 -81.3 44.1 170.8
Murdunna - roadcutting 2 km N 
(42.9°S, 147.9°E)
2 1.98 310.0 -79.4 53.3 174.4
Kempton - quarry 0.5 km S 
(42.5°S, 147.2°E)
2 1.99 304.4 -79.4 51.1 174.6
Oat lands - quarry 3 km S 
(42.3°S, 147.4°E)
2 1.99 30.7 -88.1 45.4 144.7
Melton Mobray - quarry 6 km N 
(42.4°S, 147.2°E)
2 1.99 89.3 -81.7 40.5 125.6
Bothwell - roadcutting 5 km N 
(42.3°S, 147.0°E)
2 1.99 274.6 -79.7 40.8 173.5
Hobart - Derwent Park quarry 
(42.8°S, 147.3°E)
2 1.99 317.1 -81.7 53.3 165.7
Red Hill dyke - Stott (1963) 5 4.98 282.0 -74.0 41.9 187.8
Mean 33 32.334 331.8 -83.9 52.0 156.3
(Ag5=6.6°)
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mean directions and sample VGP positions were statistically combined to 
judge the most effective cleaning step. K (the precision parameter) 
increased to a peak at 30 mT during AF demagnetisation and 300°C 
during thermal demagnetisation. These values were maintained over a 
plateau region before slowly decreasing as the intensities decreased 
to small percentages of their initial NRM values. The mean sample 
direction and mean VGP did not change significantly until high fields 
and temperatures were applied. The changes that did occur were shown 
to be due to the addition of systematic components during measuring 
(before the Helmholtz coils were added to the magnetometer —  see 
Section 1.5).
Demagnetisation curves, coercivity spectra and blocking 
temperature spectra are shown for five pilots in Fig.4.4.2. All curves 
show very similar features, the most notable being the peak in their 
blocking temperature spectrums at about 580°C. The majority of the 
coercivities are below 40 mT, although an appreciable portion of the 
magnetic minerals possess coercivities of over 100 mT. These 
properties are consistent with those of titanomagnetite which was 
observed to be the most common opaque mineral present when examined 
by reflected light microscopy.
Fig.4.4.3 shows both NRM and cleaned directions. One site mean 
direction remained oblique throughout the whole range of coercivity 
and blocking temperature spectra. The reason for this is unknown and 
it has been rejected for the purposes of calculating the formation 
mean directions and the formation pole position. At this point mention 
should be made of the distribution of the site mean directions and 
virtual geomagnetic poles. Although there are over 30 sites, neither 
distribution appears to be circular and in fact they are non-Fisherian 
(using the statistical test described by Watson and Irving, 1957).
N
O
R
M
.IN
T.
 
-
 
N
O
R
M
. I
N
T.
 
N
O
R
M
. I
N
T 
-
 
N
O
R
M
.I
TASMANIAN DOLERITE DEMAGNETISATION
TD 811 TD 8 2 6 T D 8 3 8
INTENSITY
DEMAGNETISATION
COERCIVITY
SPECTRUM
PEAK FIELD !50mT !50mT
THERMAL  
BLOCKING .  
. TEMP. I
\  s p e c t r u m !
THERMAL THERMAL
TEMPERATURE 6 0 0 * C 6 0 0 *  C
T D 8 5 7
A.F.
TD 867
L .
PEAK FIELD l50mT
THERMAL
l50mT
TEMPERATURE 600°C 6 0 0 °  C
F i g . 4 . 4 . 2 Thermal and alternating field intensity demagnetisation 
curves, blocking temperature and coercivity of remanence spectra for 
the Tasmanian dolerite. Note the 580°C peak in the blocking temperature 
spectrum.
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TASMANIAN DOLERITE
SITE MEAN DIRECTIONS
CLEANED 
30 mT
Fig.4.4.3 Natural remanent magnetisation and cleaned directions 
for the Tasmanian dolerite. Site mean directions are given.
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This is particularly evident in their azimuthal ranges which show 
concentrations of data in the east-west directions. Table 4.4.2 gives 
the results of x2 tests on both the distributions of directions and 
poles with respect to their azimuthal angles. Both are significantly 
different (with 95% confidence) from their expected distributions.
TABLE 4.4.2
Azimuthal Ranges (°)
1-60 61-120 121-180 181-240 241-300 301-360
Directions
Observed
frequency 1 10 3 4 11 4
X  2=14.82*
Poles
Observed
frequency 6 8 8 9 8 2
X  2=12.28*
Expected
frequency 5.5 5.5 5.5 5.5 5.5 5.5
*95% significance point for three degrees of 
freedom = 7.81.
On closer inspection, the data appear to fall into two main groups which 
are derived from two distinct geographical regions. The significance 
of this observation is elusive since a solution involving secular 
variation or tectonic movement between the two regions is not readily 
apparent. On the one hand, secular variation would be expected to have 
been averaged (considering the geological nature of the rocks sampled)
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and on the other, although block faulting and rifting were common during 
the Tertiary there has been no obvious relative motion of the scale 
required (Solomon, 1962).
4.4.3 Discussion and Conclusion
The pole position calculated from the cleaned site mean directions 
given in Table 4.4.1, vis. 52°S, 156°E (A95=7°, N=33) is not 
significantly different from the palaeomagnetic pole position determined 
by Irving (1963) at 51°S, 160°E from NRM data. The pole is shown in 
relation to other poles in Fig.4.9.1. Irving justified his use of NRM 
directions firstly with a field test (which was a variation on a 
conglomerate test) and secondly with results of a geophysical study of 
a dyke (which is closely related to the sills —  Stott, 1963). The 
magnetic survey involved AF cleaning, the results of which have therefore 
been included here (Table 4.4.1), and served to show that NRM directions 
did not differ significantly from cleaned directions. A baked contact 
test (Graham, 1949) also, indicated a high degree of magnetic stability. 
The results reported here indicate that these tests were sufficient to 
justify such use of NRM data before magnetic cleaning became routine 
practice. However, it is probably desirable to use data derived from 
standard cleaning techniques and the pole position for the Tasmanian 
dolerite in Table 4.4.1 is used instead of the early result in the 
analysis given in Section 4.9.
The pole position derived from the Tasmanian dolerite remains 
anomalous with respect to other poles from Gondwana continents and it 
is also apparently anomalous when compared to the pole positions 
reported for other Australian Jurassic bodies in Sections 4.1, 4.2 and
4.3.
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4.5 INTRUSIVES OF NEW SOUTH WALES 
4.5.1 Introduction and Geology
During this study, samples of four discrete igneous masses of 
similar age, vis. 168-181 My, have been investigated. Three of these 
bodies (Gingenbullen dolerite, Gibraltar syenite and Prospect dolerite) 
have been investigated previously by Boesen et at (1961), while the 
remaining body (the Glenrowan intrusives, referred to in Section 4.2) 
was the subject of a new study. The results reported by Boesen et at 
(1961) conflict with those given in Sections 4.1, 4.2 and 4.3 (for the 
Western Victoria basalt, the Garrawilla volcanics and the Kangaroo 
Island basalt) which might raise questions of the tectonic stability 
of southeastern Australia since the formation of these rock units.
It was considered desirable to confirm (or otherwise) this anomalous 
data because there is no evidence of large scale tectonic movement in 
eastern Australia since the Kanimblan Orogeny which is of Carboniferous 
age (Brown et at, 1968).
Gingeributten doterite An isolated outcrop of dolerite occurs 
100 km SSW of Sydney. It forms a flat topped hill 50 m above the 
surrounding countryside and is probably the remnant of a denuded sill 
(Boesen et at, 1961). Recently a K-Ar date of 172 My has been reported 
for the Gingenbullen dolerite (McDougall and Wellman, 1976) which 
agrees with the geological constraints placed on the age.
Gibraltar ayenite The Gibraltar syenite forms one of a number 
of syenitic intrusions about 10 km N of the Gingenbullen dolerite. It 
intrudes the Wianamatta Formation of the Sydney Basin which is of Upper 
Triassic age. The intrusion therefore post-dates the Triassic. A K-Ar 
date of 178 My (Evernden and Richards, 1962) supports this.
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Prospect dolerite This body also intrudes the Wianamatta 
Formation and outcrops near Liverpool (Sydney). A K-Ar date by 
Evernden and Richards (1962) indicates an age of 168 My.
Glenrowan intrusives The occurrence of these has been dealt 
with in Section 4.2 (Garrawilla volcanics and Nombi extrusives).
4.5.2 Sampling and Results
Sampling sites in the Gingenbullen dolerite and Gibraltar syenite 
are shown in Fig.4.5.1 while the site in the Glenrowan intrusives is 
shown in Fig.4.2.1. The following describes results from the 
Gingenbullen dolerite, Gibraltar syenite, the Prospect dolerite and 
the Glenrowan intrusives.
Gingenbullen dolerite All 14 samples collected were AF 
demagnetised and their directions of magnetisation reached stable end 
points after 20-25 mT. Fig.4.5.2 shows NRM directions, which are 
scattered (most having negative inclinations) and the cleaned primary 
directions, which are well grouped with steep positive inclinations.
This indicates the geomagnetic field had reversed polarity when the 
dolerite cooled, but a subsequent normally polarised field has masked 
the reversed direction (probably through the action of VRM and/or CRM 
(Section 1.4). The intensity demagnetisation characteristics are 
displayed in Fig.4.5.3. Sample GD256 shows an initial increase in 
intensity as a soft secondary component is removed, leaving the reversed 
primary component. Sample GD260 also showed this feature between 5-10 
mT but the NRM intensity was too large for the increase to be revealed 
in the diagram. Sample GD251 monotonically decreased in intensity 
because the coercivity of the secondary remanence was more distributed. 
This sample was collected from a surface outcrop and its slight
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difference in weathering state and oxidation might account for the 
harder secondary component. NRM intensities were usually around 3-4 
Am although intensities as high as 20 Am 1 were encountered.
The Gingenbullen dolerite is a thick (100 m) body and must 
therefore have taken considerable time to cool. The sampling locality 
has accordingly been divided into the margin and central region. The 
VGP positions given in Table 4.5.1 are 46°S, 165°E (N=8, A g 5=ll°) and 
52°S, 165°E (N=6, A g 5=9°) respectively. Both these poles are 
significantly different from the previously published pole position 
for the same formation (sampled at the same locality) by Boesen et al 
(1961). Their pole is 20° west of the pole reported here. Inadequate 
elimination of secondary components during demagnetisation is probably 
the reason for this because the eight samples used by Boesen et al 
(1961) have been subjected to further AF cleaning at 20 mT and 25 mT 
with the result that directions similar to those reported here were 
measured.
Gibraltar syenite These samples were initially subjected to 
AF demagnetisation and one specimen from each sample was later heated 
to high temperatures and allowed to cool in zero field to attempt to 
thermally isolate the primary components. Fig.4.5.2 shows results of 
the AF demagnetisation with NRM directions scattered on the upper 
hemisphere and cleaned directions grouped on the lower hemisphere. 
Cleaning in peak fields of above 40 mT was necessary before the 
directions converged on the bottom hemisphere. Representative 
demagnetisation characteristics are shown in Fig.4.5.3. Sample GS273 
possessed a very hard secondary component (which was not fully AF 
demagnetised at 200 mT) and a low NRM intensity (20 mAm x). NRM 
intensities are usually about 1 Am 1. This behaviour might reflect 
the complete oxidation (and remagnetisation) of the magnetic mineral
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GIBRALTAR SYENITE 8  
GINGENBULLEN DOLERITE
E BUILT UP AREA
x SAMPLING
SITES i
g j^ M i t ta g o n g
xGIBRALTAR
Bowral
GINGENBULLEN x MossVale
LOCALITY MAP
5 km ,
F ' i g . 4 . S . l Site localities in the Gibraltar syenite and the 
Gingenbullen dolerite, New South Wales.
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GIBRALTAR SYENITEGINGENBULLEN DOLERITE
SAMPLE MEAN DIRECTIONS
adlpo^fltfd 
‘  opr»«nt f it ld
o't~ I
Fig.4.5.2 Natural remanent magnetisation and cleaned directions 
for the Gibraltar syenite and the Gingenbullen dolerite. The paths 
plotted are only for correlative purposes and do not necessarily 
represent the path along which the direction moved during 
demagnetisation.
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GINGENBULLEN DOLERITE DEMAGNETISATION
GD25I GD256 GD260
INTENSITY
DEMAGNETISATION
COERCIVITY
SPECTRUM
PEAKA.F.(mT) 50  PEAK A.F. (mT) 50
GIBRALTAR SYENITE DEMAGNETISATION
PEAK A.F. (mT)
F i g . 4 . 5 . 3  Intensity demagnetisation curves and coercivity of remanence 
spectra for samples of the Gibraltar syenite and Gingenbullen dolerite.
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to haematite, with a higher coercivity but lower intensity of remanence 
than the original magnetic carrier. Sample GS280 which is typical of 
the samples which have not been completely remagnetised, had a NRM 
intensity of 902 mAm 1 and was demagnetised to a small fraction of 
this by 100 mT. The coercivity spectrum of sample GS270 shows a shift 
towards higher than average values and although the magnetic directions 
began to reverse during demagnetisation, they failed to reach a stable 
end point. This might be the result of partial oxidation (and 
remagnetisation) of the magnetic minerals.
The eight directions used to calculate the pole position have 
steep positive inclinations similar to the cleaned directions of 
Gingenbullen dolerite (the other end points shown are not necessarily 
stable and only indicate the general direction in which the magnetisation 
vector moved during demagnetisation). Because these eight samples 
were collected from the same small area of outcrop, the pole position 
(Table 4.5.1) at 59°S, 208°E (Ag5=12°) must be considered as a VGP.
The mean sample direction is 141°, 63° (N=8).
The direction previously reported (Boesen et at, 1961) was of 
normal polarity (27°,-86°), which is grossly at variance to the 
direction calculated here. The pole position is correspondingly 
different. This is almost certainly due to the unsatisfactory 
elimination of secondary components and the failure to recognize this 
aspect of the magnetisation. While Boesen et at (1961) state 'the 
effect (of demagnetisation) in Gibraltar specimens is negligible up 
to 200 oersteds' (20 mT), higher fields of 40 mT and above will almost 
reverse directions in specimens which are not too weathered. Further 
demagnetisation of samples collected by Boesen et at (1961), failed 
to yield reversed directions.
11)6
Although the process responsible for the secondary magnetisation 
appears to be associated with weathering, the directions are different 
from either present field or dipole field directions. Therefore, if 
weathering is the cause then it does not seem to be recent weathering, 
but rather Tertiary or perhaps Cretaceous weathering. Other 
possibilities include PTRM which might have resulted from the extrusion 
of basalts 30-54 My ago, although this does not account for the low 
intensities of magnetisation found in samples which have been 
remagnetised.
Prospect dolerite No new samples from this body were collected. 
Of the ten samples originally collected by Boesen et al (1961), one 
has been used for saturation magnetisation experiments and is therefore 
of no use for further NRM demagnetisation. Three pilot samples were 
selected from the nine remaining samples (which had been partially 
demagnetised) and demagnetised in increments from 15-100 mT. The 
procedure discussed in Section 1.5 revealed these samples to be 
susceptible to RRM. At 60 mT, the RRM developed was of a similar 
intensity to the remaining partial NRM, yet it could be successfully 
eliminated by this procedure. The other six samples which were treated 
in steps up to 50 mT, had usually stabilised in direction by 30 mT.
These samples have been taken from three separate quarries and represent 
both fine grained and course grained varieties of the dolerite. Since 
the rock body is thought to be a laccolith these sites might 
legitimately be considered to have cooled at different instances of 
time. On this basis, the results were divided into two groups and a 
pole position calculated for each. These pole (VGP) positions are 43°S, 
195°E (A95=20°, N=5) and 54°S, 189°E (A95=16°, N=4). The pole position 
previously published at 51°S, 151°E (Boesen et dl> 1961) is again, 
significantly different. Inadequate cleaning techniques, complicated
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by the influence of RRM, is thought to be responsible for this. There 
appeared to be no connection between weathering and secondary components 
as found to be the case in the Gingenbullen dolerite and Gibraltar 
syenite.
Glenrowan intrusives AF demagnetisation of the four samples 
of the Glenrowan intrusives showed that the directions of magnetisation 
above 20 mT peak field had reached stable end points (the intensity 
demagnetisation of one sample is shown in Fig.4.2.3) and have been 
combined to yield the mean sample direction given in Table 4.5.1. The 
pole positions calculated from each sample direction were subsequently 
meaned to give a pole position at 45°S, 200°E (Ag5=l°, N=4) .
4.5.3 Discussion and Conclusion
The six pole positions derived from these igneous bodies, are 
each considered an independant estimate of the geomagnetic pole (VGP) 
at the time of cooling. Therefore, to give a more realistic pole 
position for the Early-Middle Jurassic they have been combined in 
Table 4.5.1 shown below. These results are in excellent agreement with 
the results from the Western Victoria basalt, the Kangaroo Island 
basalt, the Garrawilla volcanics and the Nombi extrusives, although 
they appear to differ from those of the Tasmanian dolerite (Fig.4.9.1). 
The fact that Jurassic pole positions from rock units representing a 
wide region of southern and eastern Australia has resolved the apparent 
anomaly that existed prior to the commencement of this study. It is 
not necessary to invoke an explanation involving tectonics.
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TABLE 4.5.1
Jurassic Intrusives of N.S.W. (Je-Jm)
Formation - site Age(My) N R Dec (°) Inc(°)
Lat
(°S)
Long
(°E)
Prospect dolerite - 1 
(33.7°S, 150.7°E)
168 5 4.914 297.4 -70.5 42.6 194.6
Prospect dolerite - 2 
(33.7°S, 150.7°E)
168 4 3.956 317.9 -70.9 53.8 188.6
Gingenbullen dolerite - 1 
(34.5°S, 150.3°E)
172 8 7.918 141.6 81.6 46.4 164.7
Gingenbullen dolerite - 2 
(34.5°S, 150.3°E)
172 6 5.974 156.1 79.4 52.2 163.5
Gibraltar syenite - 1 
(34.5°S, 150.4°E)
178 8 7.840 141.2 63.3 58.9 207.6
Glenrowan intrusives - 1 
(31.1°S, 149.9°E)
181 4 3.998 304.8 -66.4 45.2 200.0
Mean pole position 6 5.869 51.0 186.1
iiLOcn<' _' 10.9°)
4.6 BENDIGO DYKES, VIC.
4.6.1 Introduction and Geology
A number of lamprophyre dykes intrude the country rocks near 
Bendigo, Victoria (Edwards, 1938a). The dykes are generally less 
than 1 m in width. They have been exposed in roadcuttings through 
the Harcourt Granite on the Calder Highway about 17 km south of Bendigo, 
in an erosion gully at Kangaroo Flat, north of Bendigo and in new mine 
workings of the Lone Star Exploration Co. at Maldon, 20 km to the south 
west of Bendigo. Dykes have also been intersected in old disused mine 
shafts in Bendigo which were inaccessible at the time of collection.
Two samples from mullock heaps have given ages of 146±4 and 155±4 My 
(McDougall and Wellman, 1976). The dykes are therefore slightly 
younger than the Jurassic bodies studied in the previous sections.
4.6.2 Sampling and Results
Twenty-four samples of the dykes and two samples of the contact 
in the llarcourt granite were collected (Table 4.6.1 and Fig.4.6.1).
TABLE 4.6.1 
Bendigo Dykes (150 My)
MEAN
DIRECTION
POLE
POSITION
SITE
Dec (°) Inc(°)
N R Lat
(°S)
Long
(°E)
a 9 5 (0)
D1 - Kangaroo Flat 
(36°54'S, 144°22'E)
38.2 -60.4 3 2.96 69 125 18
D2 - Roadcutting 
(37°00’S, 144°20’-E)
226.8 -84.9 8 7.94 48 155 7
D3 - Roadcutting 
(37°01'S, 144°20'E)
65.3 -77.8 6 5.51 42 116 39
D4 - Maldon
(37°02'S, 144°18'-E)
42.2 76.2 7 6.87 17 162 16
Mean Pole Positions - sites 4 3.54 47 135 39
- samples 26 20.02 42 144 14
Stable components of remanent magnetisation have been isolated from all 
samples. One of the dykes (D4) contains reversed polarities and the 
other three (Dl, D2 and D3) are normally magnetised. The presence of 
at least two polarity intervals indicates that a long period of time 
has been sampled. Although the granite contact samples were weakly 
magnetised (<1 mAm 1) their directions agree with the directions
37'00'S
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BENDIGO DYKES
Fig.4.6.1 Site localities in the Bendigo dykes, Victoria.
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measured in the dykes suggesting their magnetic stability since the 
time of intrusion. NRM and cleaned directions are compared in Fig.4.6.2. 
Three oblique directions have been rejected. Intensity demagnetisation 
characteristics are also illustrated in Fig.4.6.2 and show distinct 
differences between normal and reversed directions. These distinctions 
might suggest that the polarities are possibly the result of self­
reversal (Nagata et dl> 1952 and Section 4 . 7 )  although it is thought 
that they more probably reflect the method used to construct the graphs 
and histograms. Because the reversed directions are at a large angle 
to the present field (and secondary components) direction, the NRM 
intensities of reversed samples were less than their normal counterparts. 
The practice of normalising intensities to NRM values will therefore 
produce these apparent differences in the demagnetisation behaviour 
between samples of normal and reversed polarities.
4.6.3 Discussion and Conclusion
The pole position given in Table 4 . 6 . 1 ,  47°S,  135°E (Ag5=39°) at 
first sight appears to agree with the anomalous Jurassic pole positions 
which have been shown to be erroneous in the previous sections. It 
is shown in the following sections that the Jurassic and Cretaceous 
pole positions for Australia should be treated independently because 
Australia drifted about 12° sometime between the Middle Jurassic and 
Late Cretaceous, ca. 160 My - 100 My ago. The age of the Bendigo 
dykes (about 150 My) might conceivably be young enough to explain its 
apparent agreement with the Cretaceous data although since Ag5=30° it 
is doubtful if the pole position is different from the other Jurassic 
pole positions (Fig.4 . 9 . 1 ) .
1()J
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oDI 
o D2 
» D3 
« D4
Fig.4.6.2 Natural remanent magnetisation and cleaned directions, 
intensity demagnetisation and coercivity of remanence spectrum for 
the Bendigo dykes.
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4.7 BUNBURY BASALT, W.A.
4.7.1 Introduction and Geology
In the southwest province of Western Australia an extensive basalt 
sheet outcrops in numerous localities (Edwards, 1936 and 1938b).
Although only one flow (maximum thickness of up to 100 m) is exposed 
in any one site, but the basalt occurs over a large area (2000 sq km), 
it is uncertain if there is more than one flow present. Ages of 90±3, 
88±4, 101±8, 105±5 and 89±4 My are given by McDougall and Wellman (1976) 
and they conclude that the Bunbury basalt is at least 90 My old (Late 
Cretaceous).
4.7.2 Sampling and Results
The extent of the basalt is shown in Fig.4.7.1. From the least 
weathered outcrops the five sites chosen were Rocky Point at Bunbury, 
a quarry 1 km east of Gelorup, Black Point on the south coast 30 km 
west of Pemberton, the junction of Red Gully and Blackwood River near 
the Brockman Highway and a small roadcutting on the Vasse Highway about 
6 km south of the Donnelly River. A total of 57 samples were collected 
from those 5 sites.
Pilot samples were subjected to AF demagnetisation to determine 
the optimum cleaning field at which all samples were subsequently 
demagnetised. A high degree of stability was exhibited by the cleaned 
directions of magnetisation of samples from the Bunbury basalt. The 
demagnetisation intensity curves show a large change in intensity up 
to 20 mT. This was accompanied by a small change in magnetic direction 
(usually <10°). The secondary component is directed closely to the 
Earth’s present field axis. The cleaned directions plot as two closely 
anti-parallei groups (Fig.4.7.2).
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F i g , 4*7.1 Site localities in the Bunbury basalt, Western 
Australia.
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BUNBURY BASALT
N R M 2 0  - 4 0  ml
SITE
C O E R C I V I T Y  SPECTRA
normal
reversed
I N T E N S I T Y  D E M A G N E T I S A T I O N
n o rm a  I 
r e v e r s e d
pe a k  a.f.(mT)
Fig.4.7.2 Natural remanent magnetisation and cleaned directions, 
intensity demagnetisation and coercivity spectrum for the Bunbury 
basalt.
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Of the 5 sites sampled, 2 sites contain mixed polarities, 1 site 
reversed and 2 sites have normal polarities. Although one of the sites 
(B2) having mixed polarities is very well exposed (the quarry near 
Gelorup) there is no evidence that more than one flow is present. It 
appears that a single flow has recorded both normal and reversed 
polarities. Indeed, both polarities have been found coexisting within 
one sample suggesting that perhaps some self-reversal mechanism was 
operating. Attempts to distinguish between specimens with opposite 
polarities by other techniques have failed. If different titanomagnetite 
phases were present, a difference in Curie temperature should be 
discernible between the normal and reversed samples. No such difference 
was detected by experiments carried out with a thermomagnetic balance. 
Several Curie points in both normally and reversely magnetised basalt 
samples were measured revealing a common Curie temperature between 
180°C and 200°C (Fig.4.7.3). Polished section examinations reveal 
similarly sized titanomagnetite crystals of skeletal habit in both 
groups. The magnetic remanence did not spontaneously reverse after 
heating above the blocking temperature (close to the Curie temperature) 
and allowing them to cool in a known field direction (as does the 
Haruna dacite; Nagata et al3 1952). This test does not preclude the 
possibility of self-reversal since whatever is established under 
laboratory conditions may not be legitimately extrapolated to natural 
conditions. Misorientation of samples is ruled out as an explanation 
of the within-site reversal. The within-sample reversal has been 
checked by redrilling and careful slicing.
Fig.4.7.2 shows that three sample mean directions have been 
rejected because they are oblique. The within-sample precision for 
these samples was less than average and it is possible that these 
samples contain a mixture of normal and reversed components.
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BUNBURY BASALT
THERMO-MAGNETIC BALANCE EXPERIMENTS
REVERSED MAGNETISATION
BI24A2BI24B2
X> 200
TEMPERATURE CC)
NORMAL MAGNETISATION
BI24BIBI24AI
>0 200  
TEMPERATURE (°C)
F i g . 4. 7.3 Susceptibility versus temperature curves for samples
of" Bunbury basalt comparing samples with normal and reversed 
magnetisations. Curie temperatures are less than 200°C.
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TABLE 4.7.1 
Bunbury Basalt (90 My)
SITE
MEAN
DIRECTION
M D
POLE
POSITION
Dec (°) Inc(°)
K
Lat
(°S)
Long
(°E)
A95(°)
B1 - Rocky Point 
(33°20'S, 115°36’E)
120.8 6 6 . 6 16 15.98 44 167 2
B2 - Gelorup
(33°25’S, 115°40'E)
325.0 -70.4* 9 8.89 58 153 11
B3 - Red Gully
(34°10’S, 115°30,E)
321.7 -64.6* 9 8.67 56 170 15
B4 - Vasse H'wy
(34°20’S, 115°40’E)
285.2 -74.9 5 4.95 37 150 15
B5 - Black Point 
(34°20’S, 115°30'E)
308.4 -66.5 15 14.95 50 168 4
Mean Pole Positions - sites 5 4.93 49 161 10
- samples 54 51.67 50 163 4
*These sites have mixed polarities.
The remaining results give a well defined pole position at 49°S, 161°E 
(Ag5=10°), which is plotted in Fig.4.9.1. Demagnetisation 
characteristics shown in Fig.4.7.2 show differences between samples of 
normal and reversed polarity. The intensity demagnetisation curves 
can be explained by the different angle between the present field 
(and consequently the soft secondary components) and the primary 
normal and reversed directions as discussed in the previous section.
4.7.3 Discussion and Conclusion
Although it is not clear how many flows have been sampled, the 
between-site variation suggests that a considerable period of time is 
represented which suggests that the results in Table 4.7.1 are probably
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an accurate representation of the time averaged magnetic field in the 
south Perth Basin 90 My ago. This result implies that the Jurassic 
and Cretaceous poles for Australia are distinct because the pole for 
the Bunbury basalt and those from other Cretaceous igneous bodies 
(the Cygnet alkaline complex, Robertson and Hastie, 1962 and the 
Mt Dromedary complex, Robertson, 1963) appear to form a group south 
of Tasmania while the pole positions from Jurassic igneous bodies 
(reported in the previous sections) appear to form a group east of 
New Zealand (Fig.4.9.1).
4.8 MT DROMEDARY IGNEOUS COMPLEX 
4.8.1 Introduction and Geology
A variety of related rock types outcrop on the New South Wales 
coast about 380 km south of Sydney. They intrude tightly folded Lower 
Palaeozoic sediments and form pronounced landscape features parts of 
which rise almost 1000 m above sea level within a few kilometres of 
the ocean. The intrusion has been interpreted as a laccolith (Brown, 
1930) or a ring dyke complex (Joplin, 1962) while further mapping and 
petrological studies of the outcrop are at present being undertaken to 
clarify this point (pevs.Gomm. Ian Smith, Dept, of Geology, Australian 
National University). K-Ar ages for the complex of about 90 My have 
been determined from a number of minerals (Evernden and Richards, 1962) 
and recently Ar-Ar dating has confirmed this age {jpevs. comm. Neil 
Tetley, this institution).
This body was initially sampled for palaeomagnetic work by 
Robertson (1963) who collected samples from 22 sites distributed 
throughout the different varieties of rock represented. Both AF and
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thermal demagnetisation techniques showed that most of the specimens 
treated had retained a primary remanence but the directions measured 
after AF cleaning produced the higher precision parameter. The pole 
position determined using these directions by giving unit weight to 
sites is at 55°S, 139°E (Ag5=8°). No reversed directions were present.
This pole position is a few degrees east of the poles determined 
from the Cygnet alkaline complex (Robertson and Ilastie, 1962) and the 
Bunbury basalt (Section 4.7). Although this difference may not be 
statistically significant it was considered desirable to check whether 
the pole position was reproducible to determine if the difference 
might reflect polar wandering.
4.8.2 Sampling and Results
Eleven sites (Fig.4.8.1) were visited from which either four or 
six oriented samples were drilled. Both a sun compass and a magnetic 
compass were used except when weather conditions prevented the use of 
the former. At each site one sun compass orientation was usually 
attained, to enable the local magnetic anomalies to be checked. 
Subsequently, anomalies of up to 20° (east and west of the geomagnetic 
field declination) were determined, reflecting the high magnetic 
susceptibility and NRM intensities present in the formation. Magnetic 
orientations could thus be corrected using sun compass data.
Fig.4.8.2 shows the demagnetisation curves determined from pilot 
samples selected from each site. The range of the spectra of the 
coercivities of remanences present in these samples is also shown.
The high intensities, common to this intrusion, are seen to decay to 
relatively small values for small peak AF values. However, the 
intensities remained easily measurable with the DIGICO magnetometer 
up to peak AF values in excess of 100 mT. Fig.4.8.2 displays the
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MOUNT DROMEDARY
SAMPLING SITE
SYENITE
MONZONITE
SHONKINITE
Fig.4.8.1 Site localities in the Mount Dromedary igneous complex, New 
South Wales.
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MOUNT DROMEDARY IGNEOUS
COMPLEX
INTENSITY DEMAGNETISATION
PEAK AF(mT)
RANGE OF COERCIVITY 
SPECTRA
PEAK AF (mT)
Fig.4.8.2 Intensity demagnetisation curves and range of
coercivity of remanences for samples of the Mount Dromedary 
igneous complex.
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TABLE 4.8.1
Mount Dromedary Igneous Complex
SITE
(rock type)
DIRECTION POLE
N R
Dec (°) Inc (°) Lat(°S)
Long
(°E)
Central Tilba Quarry 
(monzonite)
4 3.99 61.9 -78.6 43.6 122.9
Tilba Tilba
(syenite)
6 5.87 343.5 -63.1 75.0 201.1
Tilba Tilba
(monzonite)
4 3.99 6.4 -81.8 52.1 147.1
Coolabah Park
(monzonite)
4 3.99 335.4 -73.9 61.5 175.7
Coolabah Park
(monzonite)
4 3.95 129 . 3 - 15.5 - 25.1 92.3
Roadcutting 3 km S Coolabah Park 
(monzonite)
4 3.97 300.1 -83.4 41.9 165.2
West of Mt Dromedary 
(monzonite)
4 3.99 353.6 -82.4 51.0 152.6
West of Mt Dromedary 
(monzonite)
4 3.98 314.5 -81.8 46.4 166.5
Little Mt Dromedary 
(monzonite)
4 3.64 25.5 -71.9 63.2 108.6
Little Mt Dromedary 
(hornfels)
6 2.79 RANDOM
Little Mt Dromedary 
(monzonite)
4 3.99 352.1 -80.6 54.2 154.2
MEAN 9 8.89 348.1 -79.7 56.1 153.2
(A95=10.6°)
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small change in direction that accompanied this decrease in intensity. 
The cleaned directions are better grouped than the NRM directions which 
is interpreted as indicating the preferential removal, during 
demagnetisation, of magnetic components less stable than the primary 
component. As discovered by Robertson (1962) the samples of the baked 
contact (hornfels) were magnetically unstable and any primary 
remanence that may have been present was not isolated during cleaning. 
In addition to the results from the samples of hornfels the results 
from another site (in the monzonite) were also rejected because the 
directions were very scattered and oblique, when compared to other 
site mean directions. The remaining nine site mean directions have 
been combined (in Table 4.8.1) to yield an overall formation mean 
direction.
4.8.3 Discussion and Conclusion
The pole position at 56°S, 153°E (Ag5=ll°) is similar to that 
determined by Robertson (1962) although it is now much closer to the 
poles determined from the Bunbury basalt and Cygnet alkaline complex. 
This indicates that the pole determined by Robertson (1962) probably 
does not reflect polar wandering. Instead, the differences are 
probably the result of inadequate magnetic cleaning of samples or the 
addition of extraneous components during treatment of samples (see 
Section 4.5). Because the number of sites sampled by Robertson was 
high, the half angle of the cone of confidence was low, although some 
small systematic bias may still be present. An example of this may 
be seen in Section 4.4. The pattern of VGP positions and directions 
from the Tasmanian dolerites are strongly elliptical, maybe resulting 
from polar wandering, yet the half angle of the cone of confidence 
is only 7°, because results from 33 sites are combined. These facts 
may be interpreted as indicating that the data reported here are more
1 II
MOUNT DROMEDARY IGNEOUS COMPLEX
NRM DIRECT IONS CLEANED DIRECTIONS
Fig.4.8. 3 Natural remanent magnetisation and cleaned directions 
from the Mount Dromedary igneous complex. Rejected directions are 
marked with a cross.
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accurate because they show less scatter and better agreement with the 
other Cretaceous results from both eastern and Western Australia. The 
contribution of the present study is to give strong support for the 
suggestion of a single pole position for the period of 90-100 My ago.
4.9 THE AUSTRALIAN MESOZOIC POLE POSITIONS
In Section 1.2 mention was made of the inconsistency that has 
plagued interpretation of the Australian Mesozoic palaeomagnetic 
results for almost a decade. After reconstructing Australia to 
Gondwanaland, following classical methods or the methods of Sproll and 
Dietz (1969) or Smith and Hallam (1970), the Australian pole positions 
previously formed a group distinct from the group formed by pole positions 
derived from the other continents. The fact that the Australian data 
was apparently internally consistent has previously been accepted as 
strong evidence for the reliability of the data. Earlier it was 
suggested that the Australian Cretaceous pole positions ought to be 
considered separate from the Jurassic pole position. Using the 
Jurassic and Cretaceous data given in Table 4.9.1, a F-ratio test 
(Watson and Irving, 1957) gives a value of F2 ,i2=5-03. This indicates 
the two groups are significantly different at the 95% confidence level 
(the 5% cut-off point is 3.88). These poles are given in Table 4.9.1 
(unbracketed). A similar analysis of the Triassic and Jurassic pole 
positions is not possible because there are only two Triassic poles.
Their westerly positions, however, suggests that they may be separate 
and that the Australian Mesozoic palaeomagnetic poles form three 
distinct groups. The apparent polar wander path is seen to shift 12° 
east between the Triassic and Jurassic, then return during the Upper 
Jurassic/Early Cretaceous (Fig.4.9.1). The absence of reliable data 
from Australia for these critical Epochs prevents the timing of the
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TABLE 4.9.1
Mesozoic Poles of Australia
Formation Age (My) Si (Sa) Lat(°S)
Long
(°E)
a 95(°)
Bunbury basalt1 K1 (90) 5 (54) 49 161 10
Mt Dromedary complex (l)2 K1 (93) 22 (55) (55 139) +8
Mt Dromedary complex (2)1 K1 (93) 9 (38) 56 153 10
Cygnet alkaline complex3 K1 (98) 15 (45) 53 156 n+
Noose Heads complex2 Ju (140) 4 (24) (38 132) +26*
Bendigo dykes1 Ju (150) 4 (26) (42 144) 39*
Tasmanian dolerite (l)4 Jm (167) 51 (132) (51 160) 6
Tasmanian dolerite (2)1 Jm (167) 33 (69) 52 156 7
Kangaroo Is basalt1 Jm (170) 2 (20) 39 183 —
Jurassic intrusives1 Jl-m (168-181) 6 (35) 51 186 11
Western Victoria basalt1 J1 (191) 6 (36) 47 178 18
Garrawilla volcanics1 J1 (193) 14 (36) 46 175 10
Brisbane tuff2 Trm 6 (12) 56 144 13+
Narrabeen shale4 Tri 4 (32) 48 160 19+
Mean Ku N=3 (k=356.9) 53 157 7
Mean Jl-Jm N=5 (k= 75.1) 47 176 9
Mean Tr -Tr 1 m N=2 (k= 82.3) 52 153 —
^his thesis 
2kobertson (1963)
3kobertson and Ilastic (1962)
4Irving (1963)
tThese values have been recalculated giving unit weight to 
site VGP positions
*These pole positions are rejected on the grounds Ag5>20° 
and the pole is therefore placed in the B category. 
(Hicken et al} 1972)
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AUSTRALIAN MESOZOIC POLES
CRETACEOUS(K) 
JURASSIC (J) 
TRIAS SIC (-R)
MEAN POSITIONS
• WVB
■ MDC
Fig,4.9.1 The revised Australian Mesozoic palaeomagnetic pole positions. 
Compare with Fig.1.2.2 (p.10). NCS-Narrabeen chocolate shale,
BT-Brisbane tuff, GW-Garrawilla volcanics, KIB-Kangaroo Island basalt,
WVB-Western Victorian basalt, JI-Jurassic intrusives, TD-Tasmanian dolerite, 
BB-Bunbury basalt, CAC-Cygnet alkaline complex, MDC-Mount Dromedary complex.
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return to be accurately estimated. However, the westward shift must 
have occurred between ca. 160 My and ca. 100 My ago. Two pole positions 
from rock bodies of this age are categorised as B poles, according to 
the criterion of Hicken et at (1972), ie., the half angle of their 
cones of confidence (A95) exceeds 20°. These formations are the Noosa 
Heads complex (Robertson, 1963) and the Bendigo dykes (Section 4.6) 
which are 140 My and 150 My old respectively. It is interesting to 
note that while the magnetic directions measured in these bodies are 
scattered, their pole positions lie well to the west of the Jurassic 
assemblage and may reflect the movement of the pole during this time. 
This leads to speculation on the westerly position of the Tasmanian 
dolerite pole and the spread of VGP positions from the Jurassic mean 
pole position through to the Cretaceous mean pole position (Fig.4.9.1). 
In addition, although the Red Hill dyke has been dated as Middle 
Jurassic (McDougall, 1961) none of the actual sills have been dated. 
Bearing this in mind the westerly VGP positions determined from some 
of the dolerite sills may simply be the result of these sills being 
younger than the dyke. This is supported by the fact that the VGP 
determined from the Red Hill dyke (42°S, 188°E) is in close agreement 
with the mean Jurassic pole position (47°S, 176°E). Further 
radiometric dating of the dolerite is clearly required to test this, 
and perhaps resolve the timing of the disintegration of eastern
Gondwanaland.
Chapter 5 
ISOLATED STUDIES
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5.1 KING ISLAND DYKES, TAS.
5.1.1 Introduction and Geology
The occurrence of lamprophyric dykes has been recorded by 
Waterhouse (1916) as outcropping sporadically around the coast of 
King Island in Bass Strait. Rock exposures inland on King Island 
are rare because of overlying sand deposits. A biotite bearing dyke, 
reported as outcropping one mile south of Cumberland Creek on the 
east coast, has yielded a K-Ar age of 137 My (McDougall and Leggo, 
1965) . In view of the poor data available from Australian rock 
formations of Late Jurassic age (Noosa Heads complex, 140 My and 
Bendigo dykes, 150 My — Table 4.9.1) and the pertinence of reliable 
data from such rocks to dating the disintegration of Gondwanaland, 
it was decided to collect samples of the lamprophyre dykes on King 
Island in order that they might provide the required information.
5.1.2 Sampling and Results
A number of dykes were found outcropping on the east coast of 
King Island about 1.6 km south of the mouth of Cumberland Creek 
(Fig.5.1.1). They intrude ropy and pillow lavas which are overlying 
Late Precambrian(?)-Cambrian(?) red siltstones and breccia dipping 
steeply to the east (Jago, 1974). Twenty-four samples were collected 
from four of the largest dykes, varying in width from 30 cm to over 
1 m.
Further south numerous lamprophyre dykes intrude granitic rocks 
along the coast west of, and at, the scheelite mine near Grassy
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F i g . 5 . 1 . 1 Site localities in the King Island dykes, Tasmania.
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(Fig.5.1.1). These dykes appear in hand sample to be different from 
the east coast dykes mentioned above. In particular, these dykes 
contain large chalky phenocrysts of feldspar throughout. They strike 
approximately north-south and are generally h m to 3 m in width. 
Thirty-seven samples were drilled from 17 of these dykes outcropping 
along 5 km of the coastline and 2 of the dykes exposed in the open-cut 
at the scheelite mine. The results of petrographic examination 
justifies treating the east coast dykes and south coast dykes 
separately. Thin-sections prepared from samples of the east coast 
dykes showed them to be more closely related to the lavas which they 
intrude. Although they were very altered they did not appear to 
contain any biotite as reported from the sample of the dyke which has 
been dated (McDougall and Leggo, 1965). Personal communication with 
the original collector of this sample (Henry Bartlett) suggests that 
the east coast dykes collected here are from a different locality to 
that of the dated dyke. A more accurate description of the locality 
from where the biotite bearing sample was collected shows that the 
original dyke is only 100 m south of the mouth of the Cumberland 
Creek. About 1 m of the dyke is exposed at high-tide while 3-4 m are 
exposed at low-tide. Further attempts to locate this dyke were 
hampered because of the small area exposed and beach sands which 
drift seasonally.
The dykes which outcrop along the south coast on the other hand 
do contain biotite and are lamprophyric in nature. However, recent 
fission-track dating on these dykes indicates a Late Devonian age 
(345-360 My — pers.oomm. Dr D.C. Green, Dept, of Geology, University 
of Queensland) which is different from the K-Ar date from the 
lamprophyre on the east coast.
East ooast dykes Directions obtained from these four dykes 
are shown in Fig.5.1.2. Cleaned directions were judged to be stable 
if they were reproducible after several demagnetisation steps and 
directions from within the same sample agreed. At moderate to high 
AF values (>30 mT) directions in general were not accurately repeatable. 
Eight samples yielded directions categorised as random while two 
samples gave oblique directions. The oblique directions were 
characterised by high intensities and were stable to demagnetisation 
(Fig.5.1.2). These random and oblique directions have been rejected.
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TABLE 5.1.1
King Island Dykes (East Coast, 40.1°S, 144.1°E)
DIRECTION POLE
SITE N R
Dec (°) Inc(°) Lat(°S)
Long
(°E)
A 95(°)
Dyke 1 3 2.98 49.1 -72.9 54 102 24
Dyke 2 4 3.77 22.9 -75.1 58 101 26
Dyke 3 2 — 42.4 -76.7 53 114 —
Dyke 4 5 4.84 29.4 -70.4 66 116 25
Mean - Samples 14 12.49 61 110 14
- Sites 4 3.97 59 111 9
Corrected 4 3.97 -33 49 9
The 14 directions which have been retained all have negative 
inclinations. Since these dykes are thought to be related to the lavas, 
the pole position must be corrected for the bedding dip. The geological 
map by Jago (1974) shows that the strata in this area are striking N5°E 
and dipping 55° east. The corrected pole position is at 33°N, 49°E
(A95=9°).
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Fig. 5.1.2 Natural remanent magnetisation and cleaned directions 
from the King Island dykes.
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South coast dykes Six pilot samples have been step-wise AF 
demagnetised between 2.5 mT to 100 mT. Five of these displayed erratic 
behaviour which could not be related to either the demagnetisation 
technique or the measurement procedure (Section 1.5). Thermal 
demagnetisation in steps from 350°C to 550°C produced essentially the 
same results. The directions of magnetisation that were measured 
after each step fluctuated although they were stable (over the 
laboratory time scale) to the effects of the Earth’s magnetic field.
The intensities of magnetisation also fluctuated and apparently the 
specimens could not be further demagnetised after reaching intensities 
of a few mAm"1. It is stressed that this behaviour is different to 
that described in Section 1.5 concerning minimum intensities. Whereas 
those directions were shown to be related to VRM, the directions 
referred to here were stable to VRM and were an intrinsic property 
of the rock. Another peculiarity of these magnetisations was the 
apparent relationship between the intensities and the standard 
deviation of the measurement (Section 1.5). Relatively high intensities 
were associated with low standard deviations and vice versa. Because 
these intensities were in general well above the limit of the 
magnetometer the high standard deviations could not be entirely 
attributed to measurement errors. This inferred inhomogeneity of 
magnetisation suggested that multi-components were present in the 
specimens, although slicing the specimens into small discs did not 
resolve them. This practice was previously successful when dealing 
with specimens containing multi-components in Sections 2.2 and 3.2. 
Results from the dykes which were characterised by this non-ideal 
behaviour were therefore rejected. Table 5.1.2 lists the results 
from dykes whose samples displayed a relatively high degree of between 
specimen agreement and whose directions reached stable end points 
which were repeatable after subsequent demagnetisation at higher AF
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values. Most specimens required individual treatment. One sample 
which possessed reversed magnetisation required demagnetisation at 
90 mT peak AF value to remove completely the secondary component 
while the directions in most samples reached end points after 
demagnetisation in fields of less than 10 mT.
TABLE 5.1.2
King Island Dykes (South Coast, 40.1°S, 144.0°E)
SITE N R
DIRECTION 
Dec(°) Inc (°)
POLE
Lat Long
(°S) (°E)
Dyke 3 2 1.99 91.8 -79.8 36.7 119.2
Dyke 4 3 2.94 348.6 -78.4* 61.6 152.9
Dyke 7 2 1.96 201.4 -87.8 36.1 145.9
Dyke 9 2 1.99 139.7 -81.3 26.5 131.8
Dyke 11 1 — 78.4 -59.0 32.0 81.3
Dyke 12 1 — 139.7 -65.9 5.2 108.3
Dyke 13 1 — 220.9 -76.6 19.4 161.3
Dyke 14 2 1.99 126.4 83.3 46.9 159.4
Dyke 17 2 1.98 349.2 -79.2 60.3 151.7
Mean - Samples 16 15.45 63.1 -86.8 42.7 136.3 («95= 7.1°)
- Sites 9 8.70 97.1 -85.2 38.7 134.1 (A95=18.3°)
*This direction is the mean of two normal directions 
and one reversed direction
Fig.5.1.2 compares the NRM and cleaned directions for these samples. 
The distributions are similar although the cleaned directions are 
slightly better grouped. Dyke 4 apparently possessed both reversed 
and normal polarities similar to one of the Devonian-Carboniferous
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dykes in Tasmania (Section 2.2). This supports the suggestion that 
the erratic behaviour observed in some samples may have been associated 
with the presence of opposed magnetic components. The only other 
reversed directions were measured in samples from Dyke 14. The pole 
position calculated by combining the results from the dykes that 
satisfied the selection criteria is at 39°S, 134°E (A95=18°).
5.1.3 Discussion and Conclusion
The pole position derived from the east coast dykes after 
correcting for the geological dip of the lavas (33°N, 49°E) appears 
to be similar to the poles from Lower-Middle Cambrian sediments on 
the mainland (see Fig.1.2.1). Considering the glacial nature of the 
underlying breccia some workers have suggested a Late Precambrian or 
Cambrian age for the sequence (Jago, 1974). By correlating the lavas 
with volcanics from northwestern Tasmania their age appears to be 
Cambrian although they could be as old as the Late Precambrian. Thus, 
at first sight these palaeomagnetic results appear to support a Cambrian 
age but if the anti-pole (33°S, 229°E) is taken to be the south pole 
then the age of these lavas could be Late Precambrian. The anti-pole 
falls close to the 700-750 My segment of the Precambrian apparent 
polar wander path recently defined by McElhinny and Embleton (1976).
The pole position for the south coast dykes at 39°S, 134°E 
(Ag5=l8°) appears to be distinct from the pole group derived from 
Late Devonian to Early Carboniferous rocks elsewhere (Section 6.1).
The pole falls close to the Permo-Carboniferous group of poles although 
the cone of confidence is large and there may be no significant 
difference from the Triassic or Cretaceous pole positions. The results 
from these dykes are difficult to interpret because of the age 
discrepancy between K-Ar (137 My) and fission-track (345-360 My) dating 
methods. While it is not clear whether the K-Ar date applies to the
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dyke suite studied here, the palaeomagnetic results agree with those 
from Cretaceous rocks from elsewhere which suggests that the K-Ar and 
palaeomagnetic results are concordant yet different from the fission- 
track results.
The above discussion assumes that the magnetisations isolated 
in the east and south coast dykes on King Island are original. An 
alternative interpretation, supported by the similarity in the 
directions (with respect to present horizontal — Fig.5.1.2) of these 
dykes, is that the remanence originated during a thermal event at the 
time of faulting which marked the rifting of Australia and Antarctica. 
This process has been invoked by Briden et dl (1973) to explain 
palaeomagnetic results from the Ghana coast, Africa. In that case a 
fold test showed conclusively that the magnetisation was secondary.
In the present case this proposal is tentative and obviously must be 
tested before remagnetisation can be substantiated.
5.2 FITZROY LAMPROITES
5.2.1 Introduction and Geology
In the Fitzroy Basin and West Kimberley region of Western 
Australia, plugs, flows and sills of leucite lamprophyre (lamproite) 
intrude Triassic and older rocks. The bodies are all of small size, 
the largest being only 3 km in diameter. The area in which they 
outcrop is, however extensive, covering about 25,000 sq km and a total 
of 28 occurrences are known. Their petrography and mode of occurrence 
has been described by Wade and Prider (1940), Prider (1960) and 
Derrick and Gellatly (1973) . The age of the Fitzroy Lamproites has 
been the subject of discussion by a number of authors (Prider, 1960;
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Kaplan et aZ, 1967; Powell and Bell, 1970 and Wellman, 1973). The 
Rb-Sr ages reported are Late Jurassic/Early Cretaceous. However, 
more precise dating using K-Ar techniques gives an Early Miocene age 
(Wellman, 1973) . Poor precision in Rb-Sr ages is caused by the small 
enrichment in radiogenic strontium of the lamproites analysed. It 
remains however, difficult to reconcile the age calculated by Compston 
of 130±20 My (in Prider, 1960) . Models involving burial and Tertiary 
uplift have been discussed by Kaplan et at (1967) but this proposal 
does not explain why Rb-Sr mineral ages were not reset when K-Ar 
mineral ages were. Nor is there any evidence of post-emplacement 
deformation or heating. Clearly more Rb-Sr dating is required to 
resolve this problem. The evidence at present supports the younger 
age (Early Miocene) although further independant dating methods are 
obviously desirable.
During the past few years the Mesozoic and Cenozoic apparent 
polar wander path for Australia has been precisely defined using 
reliable results from igneous and sedimentary formations in eastern 
Australia (McElhinny et at3 1974a and Schmidt, 1976a and b). Provided 
the lamproite rock is suited to palaeomagnetic techniques, this 
apparent polar wander path affords a method that enables the rock to 
be indirectly and independently dated. Supposing the primary 
magnetisation (after eliminating secondary magnetic components by 
alternating field or thermal demagnetisation) is that of original 
magnetisation imparted to the rock during cooling at the time of 
formation, then the pole position determined as the result of a 
palaeomagnetic study can be directly compared to the polar wander 
path and the age thus inferred. Statistical tests (F-ratio test, 
Watson and Irving, 1957) may be performed if an unique solution is
not evident.
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5.2.2 Sampling and Results
Four unoriented samples of the Fitzroy Lamproites, kindly loaned 
by Professor Prider (Department of Geology, University of Western 
Australia), were subjected to routine palaeomagnetic methods to test 
the stability of the remanent magnetisation and determine if a complete 
study would be worthwhile. These samples of different types of 
lamproite covered a variety of chemistry and grain size. Two samples 
were Wolgidite from Mt North and Wolgidee Hills (No.73273 and No.73290, 
Department of Geology, University of Western Australia, respectively).
The sample from Mt North was much coarser grained than the sample from 
Wolgidee Hills. Both the remaining samples were fine grained, being 
Cedricite from Hills Cone (No.73287) and Wyomingite (No.73291) from 
fP* Hill. Four specimens were used from each sample. The results 
plotted in Fig.5.2.1 show the change in direction during demagnetisation. 
Also shown are circles of confidence at the 95% level (0195) which for 
all samples, decrease in size (ie. specimen directions converge) as 
the stable end point (ie. primary direction) is approached. The 
directions of magnetisation are all stable over different ranges 
which is to be expected since their chemistry and grain size varies.
The actual directions measured bear no relation to the field direction 
because the samples were not oriented during collection. The 
significant point however, is that all magnetic directions reached 
a stable end point having good within-sample precision. This is a 
strong argument that the lamproites are capable of retaining an 
original direction of magnetisation for a long period of time. Although 
secondary components of magnetisation are also present, the original 
direction can be isolated by employing standard AF cleaning techniques. 
On the basis of these results, the magnetic investigation of a 
collection of oriented samples from a number of the bodies should 
provide further constraints on their age of intrusion.
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FITZROY LAMPROITE -  .. STABILITY TESTS
AF DEMAGNETISATION
WOLGIDEE HILLS 
WOLGIDITE 
\  -7 3 2 9 0
WYONHNGITE
-7 3 2 9 1
HILLS CONE 
CEDRICITE 
k -7 3 2 8 7
NORTH I 
WOLGIDITE-7 3 2 7  3
Fig.5.2.1 Pilot sample demagnetisation characteristics for the 
Fitzroy Lamproites, Western Australia. Note the decrease in the 
size of the circle of 95 percent confidence in each case. 
Directions are not oriented with respect to present horizontal.
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Forty-nine samples were collected from 10 of the lamproites 
(listed in Table 5.2.1) which were representative of the occurrences 
and thought adequate to enable secular variation of the geomagnetic 
field to be averaged. Their localities are shown in Fig.5.2.2. Most 
samples were collected using a portable rock drill and the cores were 
later sliced into specimens in the laboratory. The samples were 
oriented using a sun compass/clinometer and magnetic compass while 
measurements and calculations were performed on the Digico magnetometer. 
Specimens were subjected initially to AF cleaning using the two-axis 
AF tumbler demagnetiser and later to thermal demagnetisation using 
the furnace.
NRM intensities ranged from about 1 mAm 1 up to over 5 Am 1, 
reflecting the different compositions of the samples. In addition 
to the pilot samples previously mentioned, one pilot sample from each 
site was step-wise AF demagnetised to establish the optimum cleaning 
field for each particular rock type. Fig.5.2.3 shows the intensity 
demagnetisation curves for some of these samples. It is apparent 
that a wide range of demagnetisation characteristics are displayed 
by the lamproites. Optimum cleaning fields determined from these 
pilot studies varied from 15 mT to over 50 mT. Sometimes specimens 
from within the same sample behaved differently and were thus treated 
individually until their stable end points became apparent. The 
remaining samples were cleaned, paying particular attention to these 
peculiarities. Fig.5.2.4 compares the sample mean NRM directions to 
the stable directions measured after AF cleaning. The NRM directions 
show a weak concentration in the southeast quadrant but in general 
they are scattered in comparison to the cleaned directions which show 
two clusters almost anti-parallel to each other. Seven directions 
are intermediate and have been rejected from the site mean directions 
(Table 5.2.1).
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FITZROY LAMPROITE
INTENSITY DEMAGNETISATION
6 6 0 B
) 40
PEAK AF (mT)
2.00
6 9 2  A
685 A  
-70 2 B 
' 685B  
702A
721 A*
PEAK AF (mT)
Fia.5.2.3 Intensity demagnetisation and coercivity of 
remanence spectra for the Fitzroy Lamproites. The top 
(bottom) curves are from specimens of normal (reversed) 
polarity.
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FITZROY LAMPROITE
Fig.5.2.4 Natural remanent magnetisation and cleaned directions 
from the Fitzroy Lamproites. Rejected directions are marked with 
a cross.
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Four sites contain reversed polarities while four sites contain normal 
polarities and three sites have mixed polarities. The presence of 
these mixed and intermediate polarities within sites is surprising 
because the bodies are small and each would therefore be expected to 
have cooled over a short (although probably different) period of time. 
However, the possibility of the bodies cooling over an extended period 
of time is enhanced by the fact that some bodies are concentrically 
zoned with different rock types perhaps representing different phases 
of intrusion. Some self-reversal mechanism may have been operative 
although this has not been investigated. Thermal demagnetisation 
results of some selected specimens agree with their AF demagnetisation 
results and thus the stability of the primary directions is further 
confirmed. The mean site direction (after reversing the north seeking 
directions to statistically combine them with the reversed directions) 
is 172°,+57°, 0195 = 10° and the mean site VGP is 68°S, 142°E (A95=12°,
N=11) .
5.2.3 Discussion and Conclusion
By comparing the palaeomagnetic pole position from the Fitzroy 
lamproites (68°S, 142°E) with the Cretaceous-Tertiary segment of the 
Australian polar wander curve (McElhinny et al, 1974a) which is plotted 
in Fig.3.4.1 it is apparent that the pole position is indistinguishable 
from the 60-40 My pole group. The pole positions fall within the 
area common to both cones of confidence. F-ratio tests, using site 
VGP positions as the unit of observation (Table 5.2.2), show that the 
pole is significantly different from the 25-20 My pole group and the 
Cretaceous pole group. It therefore appears that there are 
discrepancies among not only the K-Ar and Rb-Sr data but also these and 
the palaeomagnetic age evidence.
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TABLE 5.2.2
Fitzroy Lamproite, Summary of F-Ratio Tests
Nl N2 N R1 r 2 R F2,2(N-2) Significance Point (95%)
25-20 My 
11 75 86 10.30522 70.74973 80.65830 6.74 3.07
Cretaceous 
11 29 40 10.30522 27.38472 37.38293 5.05 3.11
If the K-Ar ages are more reliable than the Rb-Sr ages (as suggested by
their relatively lower errors) and the true age of emplacement of the 
lamproites is 17-20 My ago, then non-dipole effects of the mid-Tertiary 
geomagnetic field cannot have been averaged completely by either this 
study or that of McElhinny et dl (1974a) or both. Although each of the 
studies discussed above covered more than one polarity interval there 
seems to be a systematic difference between the results from eastern 
and western Australia for the mid-Tertiary. However there is no 
geological evidence to suggest there has been any relative movement 
between these regions since this time. This implies that the peculiar 
zig-zag nature of the Tertiary apparent polar wander path might be 
partly explained by the incomplete elimination of secular variation 
and not the rotation of Australia as it drifted northward as suggested 
by McElhinny et dl (1974a) and Wellman (1975). These results also 
serve as a caution to placing too much reliance on the use of 
palaeomagnetic results to date rocks precisely (Section 3.4).
Chapter 6
SYNTHESIS AND CONCLUSIONS
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6.1 AUSTRALIAN APPARENT POLAR WANDERING
Before an apparent polar wander (APW) path for a particular 
region can be determined, the most appropriate time groupings of the 
palaeomagnetic poles must be decided. The poles have been divided 
into groups covering intervals of time broadly corresponding to the 
Siluro-Devonian, Devonian-Carboniferous, Permo-Carboniferous, Permo- 
Triassic, Triassic-Jurassic and Early Cretaceous. This division is 
convenient from the point of view of sampling density because ages 
of rock units are frequently ascribed to time ranges covering Period 
boundaries.
The Australian APW path for the Palaeozoic and Mesozoic has 
recently been reviewed by Embleton et at (1974) and McElhinny and 
Embleton (1974) as discussed in Section 1.2. It was noted that the 
Silurian and Devonian segments of the APW path determined from 
different regions within Australia could not be matched without 
implicating large tectonic rotations of southeastern Australia. The 
Mesozoic pole position was also shown to be incompatible when 
compared with those from other Gondwana continents, particularly 
Africa and Antarctica.
A revised Australian APW path, based on results listed in 
Appendix I is shown in Fig.6.1.1. This path largely overcomes some 
of the problems and uncertainties associated with previously published 
paths. In particular the Devonian and Mesozoic segments of the pole 
path now appear to be more correctly established.
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LATE PALAEOZOIC-MESOZOIC APW
Fig.6.1.1 Australian late Palaeozoic and Mesozoic Apparent Polar 
Wander (APW) curve.
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Devonian In Section 2.5 two Devonian pole positions were 
proposed. The first was comprised of three pole positions obtained 
from rock units assigned to the latest Silurian and Early Devonian 
while the second was obtained from meaning five Middle Devonian to 
Early Carboniferous pole positions. The pole apparently moves 20° 
between Early and Middle Devonian times. Apart from the addition of 
the new data, the main difference between this pole path and those 
previously proposed is the incorporation of the pole positions from 
the Early Devonian Ainslie volcanics and Bowning Group which have 
been considered as anomalous by Embleton et at (1974) and McElhinny 
and Embleton (1974). Although the Late Silurian(?) to Early Devonian 
pole positions do not form a tight group this may reflect polar 
wandering rather than tectonic disturbances. At this point it is 
appropriate to stress that the anomalous Silurian data remain, at 
present, best explained by assuming large tectonic rotations of 
southeastern Australia as originally suggested by Embleton et at (1974).
As noted earlier (Section 2.5) the pole positions used to form 
the Middle Devonian to Early Carboniferous pole group are loosely 
grouped and are not statistically separable from the preceding pole 
group although this does not mean that they should not be treated 
separately. It is perhaps more reasonable to suppose that two (if not 
more) pole positions would more realistically represent the Australian 
APW path from the Silurian to the Carboniferous otherwise large 
amounts of polar wandering must be invoked in the Late Ordovician to 
Early Silurian and mid-Carboniferous times. Devonian and Carboniferous 
data from the other southern continents suggest that this is the 
correct interpretation (Section 6.2).
The errors associated with some of the poles used are large 
(Housetop granite Ag5=21°, Devonian-Carboniferous dykes Ag5=26° and
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Visean volcanics Ag5=21°) and in some cases may reflect small 
undetected movements between sampling sites as suggested in Section 
2.2 concerning the Devonian-Carboniferous dykes and by McElhinny and 
Embleton (1974) concerning the Visean volcanics. The scattered 
magnetic directions reported from the Housetop granite might initially 
suggest that secondary components, which were not demagnetised by 
Briden (1967b), are the cause but the cleaned directions reported 
here (Section 2.3) are similarly scattered so it seems more likely 
that they are intrinsic to the rock and further work is required to 
define the pole position more rigorously.
The pole position from the Lochiel Formation (Luck, 1973), has 
been rejected in this analysis because although it is apparently 
well defined, it remains diverse from other Upper Devonian pole 
positions. The interpretation by Embleton et at (1974) is probably 
correct or the gentle easterly tilt of the basalts might be more 
complex than that assumed by Luck (1973). Interbedded redbeds are 
moderately contorted and while they may be structurally less competent 
than the basalts it is difficult to envisage how the basalts escaped 
all but gentle tilting. Thermal demagnetisation of samples of the 
redbeds failed to yield any stable end points (by myself and Luck,
1973) but further investigations of the basalts, paying particular 
attention to their structure, is presently being undertaken (pera.oomm.
Dr B.J.J. Embleton) which may throw more light on this problem.
Recently Williamson and Robertson (1976) published a pole 
position from the Catombal Group previously studied by Green (1959) 
who concluded the beds had been remagnetised from the results of a 
fold test. Williamson and Robertson (1976) use an iterative method 
of isolating primary and secondary components making certain 
assumptions about the direction and intensity of the secondary component.
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There are no supporting thermal or chemical demagnetisation experiments 
reported and AF demagnetisation had little effect on the directions of 
magnetisation.
While it is interesting to note that this pole position agrees 
with the rejected pole position from the Lochiel Formation it is 
difficult to assess its significance without thermal or chemical 
demagnetisation experiments. For this reason the pole position 
reported for the Catombal Group has not been used.
Evidently further rock formations, Devonian in age, need 
investigating before the pole groupings suggested here can be 
positively substantiated, although at present they appear to represent 
the most probable pole positions for Australia at these times.
Between the Early Carboniferous and Late Carboniferous the pole 
position moves towards Australia and is recorded by an increase in 
the palaeomagnetic inclination. This latitudinal shift was first 
identified by Irving (1966).
Permo-Carboniferous The pole positions used for this group 
are listed in Appendix I. Some of the results from volcanics have 
been meaned following McElhinny and Embleton (1974) to provide a more 
viable estimate of the rotational pole for the Permo-Carboniferous.
The four pole positions combine to form a tight group near the 
southern coast of Australia which is in accordance with the prevailing 
glacial conditions in this part of the world as determined from 
geological climatic indicators. This is further discussed in the 
following section. There does not appear to be any reason to question 
the validity of these pole positions because they agree with pole 
positions of similar age from other continents and are derived from 
different rock types whose magnetic stabilities have been shown by
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routine demagnetisation experiments. All magnetic directions are 
reversed as expected for magnetisations which date from the Late 
Palaeozoic Reversed Interval (Irving, 1971). Similar directions have 
been reported from the Upper Devonian Dotswood redbeds of north 
Queensland although these were interpreted as secondary directions 
by Chamalaun (1968) dating from the Upper Carboniferous.
Permo-Trias sie The four poles which have been combined here
range in age from the Upper Permian (Upper Marine Latites —  248 My) 
to the Middle Triassic (Brisbane Tuff). These are given in Appendix I. 
Although the pole position determined by Irving and Parry (1963) from 
the Upper Marine Latites agrees closely with the Early Permian- 
Carboniferous group it is included in the group to be consistent with 
the interpretation in terms of grouping results into the Permian- 
Triassic age range. The pole position from the Milton Monzonite 
(Robertson, 1963) which is radiometrically dated at 240 My appear to 
be quite distinct to those from the Upper Marine Latites although 
there is only a few My separating their times of formation. The 
results from the Triassic brown clays from the Springfield basin 
(Section 3.2) lend some support for the pole position from the Milton 
Monzonite although the uncertainty in the pole position from the clay 
beds makes positive correlation difficult. Unless considerable polar 
movement occurred between 248 and 240 My ago, it is apparent that 
either secular variation or tectonic movements might be the cause of 
the discrepancy. Since there is no geological evidence for the 
tectonic movement of the Milton Monzonite the best estimate of a 
Permo-Triassic pole position for Australia is considered to be that 
given by combining the results from the Upper Marine Latites, Milton 
Monzonite, Narrabeen Chocolate Shale and the Brisbane Tuff.
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J u ra ss te  As d is c u s s e d  in  S e c t io n  4 .9 ,  the  p a laeo m a g n e t ic  
p o le s  d e te rm ined  in  t h i s  s tudy  (Table 4 .9 .1 )  a re  more r e l i a b l e  than  
some o f  th o s e  t h a t  have been r e p o r t e d  in  p re v io u s  s t u d i e s . The 
im p o r ta n t  change to  the  i n t e r p r e t a t i o n  o f  Mesozoic r e s u l t s  p roposed  
h e r e ,  i s  th e  r e c o g n i t i o n  o f  APW d u r in g  t h i s  e r a  (Schmidt, 1976b) . I t  
i s  now a p p a re n t  t h a t  th e  p o le  p o s i t i o n  was n o t  s t a t i c  w ith  r e s p e c t  to  
A u s t r a l i a  d u r in g  the  whole o f  th e  Mesozoic (as p r e v io u s ly  supposed) 
and in  f a c t  th e  p o le  c o n t in u e d  to  move eas tw ard  a f t e r  th e  P e rm o -T r ia s s ic  
to  a p o s i t i o n  c lo s e  to  th e  p r e s e n t  g eog raph ic  c o o rd in a te s  o f  New 
Zealand ( F i g . 6 . 1 . 1 ) ,  o n ly  to  r e t u r n  sometime d u r in g  th e  Late  J u r a s s i c  
o r  E a r ly  C re taceo u s  to  a p o s i t i o n  c lo s e  to  th e  P e rm o -T r ia s s ic  p o le  
p o s i t i o n .  The a p p a re n t  c o n s i s te n c y  w i th in  th e  e a r l y  A u s t r a l i a n  Mesozoic 
d a t a  and th e  s i m i l a r  s y s te m a t ic s  shown by th e  A fr ic a n  Mesozoic d a ta ,  
has  p ro b a b ly  caused  most o f  th e  co n fu s io n  t h a t  has  su rrounded  the  
i n t e r p r e t a t i o n  o f  th e  A u s t r a l i a n  Mesozoic d a ta .  As s t a t e d  by 
McElhinny (1973) i t  i s  indeed  ’a p a rad o x ' t h a t  th e  e a r l y  Mesozoic 
d a t a  from A u s t r a l i a ,  which c o n t r ib u te d  so much im petus to  th e  s tu d y  
o f  palaeom agnetism , i s  in  r e a l i t y  f a u l t y .  In th e  c o n te x t  o f  
Gondwanaland th e  new d a ta  a re  c o n s i s t e n t  w ith  a Smith-Hallam 
r e c o n s t r u c t i o n .
Cretaceous R e s u l t s  from th e  Bunbury b a s a l t  (S e c t io n  4 .7 )  
and Mt Dromedary complex (S e c t io n  4 .8 )  have v e r i f i e d  th e  e x i s t i n g  
C re taceous  p o le  p o s i t i o n  from a s tu d y  o f  th e  Cygnet a l k a l i n e  complex 
(R obertson  and H a s t ie ,  1962) and j u s t i f y  th e  t r e a tm e n t  o f  th e  
A u s t r a l i a n  C re taceous  and J u r a s s i c  p o le  p o s i t i o n s  as d i s t i n c t .  The 
movement o f  th e  p o le  sometime between c a .  160 My and ca .  100 My must 
r e f l e c t  th e  f ra g m e n ta t io n  o f  A u s t r a l i a  from Gondwanaland b ecause  the  
o th e r  so u th e rn  c o n t in e n t s  (ex c lu d in g  A f r ic a )  and In d ia  a l s o  re c o rd  
s im u ltaneous  b u t  d i f f e r e n t  p o le  movements (Embleton and Schm idt, 1976).
The spread of VGP positions between the Middle Jurassic and Early 
Cretaceous pole positions from the Tasmanian dolerites might reflect 
a range in the ages of the various bodies sampled (Section 4.4).
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6.2 GONDWANALAND AND APPARENT POLAR WANDERING
Briden (1967a) noted that pole positions from various continents 
tend to fall into a number of groups when rotated according to the 
concept of Gondwanaland. This led to the terms quasi-static interval 
(Briden, 1967a) and drift episodes (Irving, 1966) to describe the 
periods when the pole position was approximately stationary and when 
it was apparently moving.
By dividing the results from the other southern continents, 
and India, into similar time ranges to those considered in the foregoing 
section it is possible to compare all the palaeomagnetic data for 
Gondwanaland from the Devonian to the Cretaceous. The Smith and 
Hallam (1970) reconstruction can be confidently shown, using 
palaeomagnetic data, to be the most realistic model as is currently 
available for the period from the Late Carboniferous until about mid- 
Jurassic times (Embleton and Schmidt, 1976), after which the single 
landmass of Gondwanaland disintegrated.
Although there appears to be strong geological support for the 
existence of a unified southern landmass throughout the Palaeozoic 
(and probably earlier), the evidence is only qualitative and is not 
amenable to mathematical analysis that allows a model such as the 
Smith-Hallam model to be rigidly tested. McElhinny and Luck (1970) 
proposed a model based upon palaeomagnetic results alone which featured 
a gap between Australia and Antarctica unlike the morphological 
models of Sproll and Dietz (1969) or Smith and Hallan (1970). However,
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this model was perhaps premature because new results make it 
increasingly clear that the palaeopositions of continents cannot, 
in general, be reliably fixed on the basis of pole path segments 
determined from only a few data points. A more practicable approach 
is to assume a model and test it against the available data taking 
full account of the involved errors.
As mentioned above, geological evidence lends support for the 
Smith-Hallam model. The alignment of belts of Late Precambrian to 
Cambrian sediments and metamorphics whose ages peak around 500 My 
(Crawford, 1969) is perhaps the most striking feature although the 
possibility of relating Phanerozoic orogenic belts (younging to the 
east) between South Africa, Antarctica and eastern Australia (McElhinny, 
1973) is also attractive. Consequently the Late Palaeozoic (and the 
Siluro-Devonian) and Mesozoic pole positions plotted in Fig.6.2.1 
have been calculated by combining data from Gondwana continents 
(Appendix I) following the Smith-Hallam (S-H) model.
Siluro-Devonicm Whereas the Msissi Norite (from Africa) was 
originally cited to be Upper Devonian (Hailwood, 1975), the evidence 
for its age is not precisely described. The pole position (given in 
Appendix I), however, suggests that the norite is in fact Siluro- 
Devonian because it is in proximity to the Australian poles of this 
age (using a S-H reconstruction). This interpretation is strengthened 
by the fact that the pole position from the South American Lower 
Devonian Picos-Passagem series, although poorly defined, falls in the 
same region. The combination of these Siluro-Devonian poles yields 
a much higher precision (K) after rotating the poles according to the 
S-H model than combining them in their present geographical 
relationships (K is increased from 5 to 21). The pole position is 
near central Africa.
GONDWANALAND APW
Fig.6.2.1 The Gondwana Apparent Polar Wander (APW) curve for the 
mid-Palaeozoic to the mid-Mesozoic from the palaeoma^netic results 
listed in Appendix I.
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Devonian-Carboniferous Apart from the Australian pole 
positions corresponding to this age which have been discussed in 
Section 2.5, the only other pole included in this group is from the 
Dwyka Varves of Africa (McElhinny and Opdyke, 1968). This reflects 
the paucity of results from rocks of this age from Gondwana 
continents. However, there does appear to be a large polar shift 
during the Devonian from near central Africa to Antarctica (Fig.6.2.1).
Permo-Carboniferous The pole positions used to form this 
group are listed in Appendix I and are from Australia, Africa, South 
America, India and Madagascar. The pole positions from the K3 redbeds 
(Opdyke, 1964a) have been meaned and combined with the more recent 
results from Early Permian African rocks reported by Daly and Pozzi 
(1976). This appears to be a more realistic interpretation of the 
results from the K3 redbeds although it remains curious as to why 
these results form two distinct groups.
Many of the Permo-Carboniferous pole positions have been derived 
from South American rock formations although over half of the poles 
are from Australia, Africa, Madagascar and India. These poles form 
a tight group (K=55) in eastern Antarctica after rotating them in 
accordance with the S-H model, which demonstrates the validity of 
this reconstruction for these times.
Perrno-Triassio Results from rock units which fall within
this range (Upper Permian to Lower Triassic) have been combined and 
yield a pole position east of and distinct from the Gondwana Permo- 
Carboniferous pole position. The Permo-Triassic pole position is also 
distinct from the Upper Triassic-Middle Jurassic pole position which 
most probably indicates an intermediate position between two quasi- 
static intervals. Gondwanaland apparently drifted northward between
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the Permian and the Jurassic sometime during the Triassic. More work 
on Triassic sequences in the Sydney Basin is presently being undertaken 
to determine magnetostratigraphic correlations (pers.oomm. Dr B.J.J. 
Embleton) although a close examination of the data might reveal the 
pole shift that is proposed here for the Triassic.
Cretaceous Pole positions for the Upper Jurassic and Lower 
Cretaceous of Gondwana rocks are dispersed when reconstructed to a 
S-H model, reflecting the dispersion of the continents at this time. 
While the Cretaceous data from Africa agree (within the experimental 
errors) with the early Mesozoic results, the data from other 
continents can be clearly related to movements relative to the pole. 
Consequently the pole positions representing the Gondwana continents 
for this period have not been combined but are interpreted in plate 
tectonic terms in the following section.
Palaeoclimates A most convincing test for the validity of 
the geocentric dipole hypothesis can be found by comparing the 
palaeolatitudes of continents with their geologically inferred 
palaeoclimates. This test necessarily assumes that secular variations 
in both climate and palaeomagnetically derived palaeolatitudes have 
been averaged. This is not unreasonable when the gross climatic 
conditions and synchronous pole positions for all continents are 
considered simultaneously. Of particular interest are the Palaeozoic 
glaciations that have occurred in the Gondwana continents. King (in 
Nairn, 1961) has concluded that palaeoclimatic evidence from Gondwana 
continents can only be reconciled when the Gondwanaland concept and 
continental drift are considered.
Fig.6.2.2 shows a series of palaeomagnetically determined 
geographic maps for Gondwanaland based on the palaeomagnetic data
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UPPER SILURIAN!?)-LOWER DEVOtMAN MIDDLE DEVONIAN-LOWERCARBONIFEROUS
Fig.6.2.2 Palaeogeographic reconstruct ions of C.ondwanaland for 
the mid-Palaeozoic to the Early Triassic using palaeomagnetic 
results listed in Appendix I and the Smith and Hal lam (1971) 
model (computer drawn linear polar projections).
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listed in Appendix I from the Upper Silurian to the Permo-Triassic.
It is convenient to discuss palaeoclimatology of Gondwanaland 
in terms of glaciations because this landmass apparently drifted 
across the south polar region during the late Palaeozoic to Mesozoic 
era. Firstly, Ordovician glaciations in western Africa have been 
recorded by Deynoux et at (1973) which is in accord with the 
Gondwana land pole position of this time as determined palaeomagnetically 
(McElhinny and Embleton, 1974). The subsequent continental movement 
during the Late Ordovician and Silurian brought southern Africa and 
South America into frigid regions (Fig.6.2.2). During Carboniferous 
times Africa was glaciated from 4°N to 32°S (Frakes and Crowell, 1970). 
There are possibly unrecognised Devonian glacials in the Karroo Basin 
(Plumstead, 1964). Carboniferous glaciation is also apparent in 
Argentina and Bolivia (Frakes and Crowell, 1969) while Andean 
glaciations appear to be more altitude controlled. Glaciation on 
Madagascar also dates from the Early Permian and possibly Late 
Carboniferous. Flow directions of ice masses and the distribution 
of glacial facies can be used to deduce palaeogeographic trends which 
can be compared to those derived from palaeomagnetism. Radial flow 
outward from southern Africa (during the peak in glaciation) suggests 
a polar locality for this region during the Late Carboniferous and 
Early Permian although Frakes and Crowell (1970) state that 'ice 
sheets possibly first developed in the Early Carboniferous' which 
is more in accord with the magnetically derived palaeogeography 
(Fig.6.2.2). The peak of the glaciations in western Gondwanaland 
seems to lag behind the movement of the pole position which was 
situated in eastern Gondwanaland during the Late Carboniferous and 
Early Permian. Alternatively the age of magnetisation of rock units 
may lag their age of formation although the agreement between results
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from both igneous and sedimentary rocks makes this explanation less 
plausible.
Tillites, striated floors and boulder pavements are known to 
occur throughout the Transantarctic mountains. Records from the 
Ellsworth Pensacola, Horlick-Queen Maud and Beardmore basins, spanning 
the width of Antarctica from west to east, show that ’the center of 
late Palaeozoic glaciations may have migrated across Antarctica from 
the Weddell Sea region (early Carboniferous) to northern Victoria Land 
(Permian)' (Frakes and Crowell, 1968). Although the timing of this 
shift is based on scanty fossil occurrences the excellent agreement 
with the palaeomagnetic evidence provides convincing evidence for this 
interpretation (Fig.6.2.2).
Microfossils indicate that the Indian glaciation occurred during 
the Stephanian to Sakmarian (Frakes et al, 1965), a similar time to 
that proposed for glaciations in Western Australia. In eastern 
Australia dropstones are present in Late Permian sediments although 
mountain ranges in Queensland and northern New South Wales show signs 
of Late Carboniferous glaciation (Crowell and Frakes, 1971). The 
Australian glaciation began with ice advancing from the southwest in 
Antarctica and moving across Tasmania and finally across the mainland. 
Tasmanian fossils (Rhaeopteris) indicate that frigid conditions were 
experienced as early as the Late Carboniferous although the climax 
of the glaciation was not reached until the early Permian. 
Palaeontological evidence from New Zealand indicates cold conditions 
also prevailed there during the Permian (Brown et al, 1968).
Glaciation continued in eastern Australia until the late Permian when 
Gondwanaland completed its polar traverse and moved northwards towards 
the Permo-Triassic positions as indicated by palaeomagnetic evidence 
(Fig.6.2.2).
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Climatic conditions as recorded by the continents of the northern 
hemisphere exhibits abundant evidence of a warm, and to some extent, 
arid climate (Schwarzbach in Nairn, 1961). Carboniferous limestones 
are extensively developed in Europe and North America. Permian 
evaporite deposites are also common to these regions which shows that 
the Permian climate was hot and arid. Aeolian sandstones, indicating 
an arid climate (Opdyke in Naim, 1961), were formed in the British 
Isles during the Permian although they apparently did not form in 
Europe or North America. Palaeozoic glacial sediments in the northern 
hemisphere are known only from peninsular India and perhaps Siberia 
(Frakes et at, 1975).
Evidently while the Gondwana continents were being glaciated, 
climates of the opposite extreme were operative in North America 
and Europe. This conclusion is in full agreement with the knowledge 
of palaeomagnetic interpretations which place the former continents 
in high latitudes and the latter continents in low latitudes (Section 
6.4) throughout the late Palaeozoic. Mechanisms, such as a change 
in the Earth's obliquity have recently been invoked to explain glacial 
climates (see Williams, 1975 on the Late Precambrian glaciations), 
although the late Palaeozoic glaciations of Gondwanaland can be fully 
attributed to the continental drift of this landmass across the 
south rotational pole.
6.3 PALAEOMAGNETISM AND THE EVOLUTION OF THE INDIAN OCEAN
The existing palaeomagnetic evidence is entirely compatible with 
the Smith-Hallam (S-H) reconstruction of Gondwanaland and the proposal 
that this reconstruction is valid throughout the Phanerozoic until the 
Middle Jurassic, when it began to fragment. The suggestion of earlier
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phases of fragmentation involving eastern Australia (Irving and 
Robertson, 1969) or even the whole of Australia (McElhinny, 1970) were 
founded on anomalous data as noted in earlier sections (Sections 4.9,
6.1 and 6.2).
The placing of India off the west Australian coast by Crawford 
(1969), Veevers (1971) and Veevers et at (1971) to satisfy geological 
conditions has been rejected by Falvey (1972) on geometrical grounds.
This is supported by results from palaeomagnetism and the Deep Sea 
Drilling Project (DSDP) which, while admitting the possibility of, and 
indeed the necessity for, a Gondwana block off Western Australia, provide 
evidence for India being placed against Antarctica (Du Toit, 1937 and 
Smith and Hallam, 1971) . Luyendyk and Davies (1974) interpret the 
DSP-Leg 26 results from the Wharton Basin to indicate north south 
spreading in this region which would not be expected had India formerly 
occupied this position. Crawford (1974) believes that the Tibetan 
Plateau and also the Tarim Block were once part of Gondwanaland and 
may have filled the gap left if the Smith-Hallam (1971) reconstruction 
is adopted. Falvey (1972) reconstructs Indonesia (excluding Timor) to 
a position off the north west Australian shelf, north of India although 
palaeomagnetic evidence suggests that the Malaya peninsula (at least) 
was probably not a part of Gondwanaland (McElhinny et ats 1974b). Only 
Borneo and the Celebes appear to be possible candidates for such a 
reconstruction (Luyendyk, 1974). The prediction of pre-Mesozoic crust 
in the Wharton Basin by Dietz and Holden (1971) should, on the basis 
of these reconstructions, prove to be incorrect because their ’Sinus 
Australis' is no longer a feature. The DSP has in fact shown this to 
be so, although some basalts from Site 257 maybe as old as Early 
Jurassic (Luyendyk and Davies, 1974). Whatever the landmass was, 
adjoining Western Australia, it has been neglected in later discussions 
which are based primarily on palaeomagnetic results.
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A palaeogeographic reconstruction for Gondwanaland based on the 
S-H model and reliable palaeomagnetic results is shown in Fig.6.3.1 
for the period from the Upper Triassic to the Middle Jurassic. Prior 
to breakup, Gondwanaland was distributed between approximately 30°N to 
70°S of the equator with no regions occupying the high latitudes that 
were common throughout the Palaeozoic.
The development of the Indian Ocean has been more complex than 
that of the other major ocean basins. A feature of the Indian Ocean 
is the occurrence of many aseismic ridges and plateaux of which the 
Ninety East Ridge, Broken Ridge and Kerguelen Plateau are probably the 
best known. While the Ninety East Ridge has been interpreted as a 
combination of a leaky transform fault and a point volcanic source 
(Sclater and Fisher, 1974; Luyendyk and Davies, 1974), the character 
of Broken Ridge and Kerguelen Plateau is not definitely known. These 
are discussed in relation to the evolution of the east central Indian 
Ocean by Sclater and Fisher (1974) who conclude that 'any speculation 
concerning their origin and history would be premature'. Like the 
Atlantic Ocean, the Indian Ocean is not surrounded by active trenches, 
but although much of the sea floor produced during the dispersion of 
Gondwanaland still exists, the early stages of the evolution of the 
Indian Ocean are not well understood. Bilaterally symmetric patterns 
of magnetic anomalies about the crests of the mid-oceanic ridges are 
known from the Pacific, Atlantic and Indian Oceans (Pitman et als 1971; 
Dickson et at, 1971 and Le Pichon and Heirtzler, 1971). Since 
anomalies older than number 33 (~77 My) have not yet been recognised in 
the Indian Ocean, its evolution as determined from magnetic lineations 
has only been traced as far back as the uppermost Cretaceous. Pre-Late 
Cretaceous plate motions cannot be determined by magnetic charting of 
the sea floor because the geomagnetic field was predominantly normal
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LOWER CRETACEOUSUPPER TRIASSIC -MIDDLE JURASSIC
UPPER CRETACEOUS
Fig.6.'6.1 Palaeogeographic reconstructions showing the 
dispersal of Gondwana fragments for the mid-Mesozoic to the 
late Mesozoic using the palaeomagnetic results listed in 
Appendix I (computer drawn linear polar projections).
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throughout the Cretaceous (McElhinny and Burek, 1971 and Larson and 
Pitman, 1972) . McKenzie and Sclater (1971) suggest that the best 
method for producing reconstructions of Gondwana continents for ’times 
earlier than the late Cretaceous appears to be a bootstrap operation 
involving palaeomagnetic poles and major features on the sea floor' .
After using DSDP results and magnetic anomalies Luyendyk (1974) states 
that his 'model should only be considered an outline sketch of early 
dispersal' and 'future work should include resolution of this dispersal 
scheme with palaeomagnetic data'. This has been attempted here using 
the palaeomagnetic poles listed in Appendix I, beginning with 
Gondwanaland as it is thought to have existing during the Upper Triassic 
to Middle Jurassic (Section 6.2) and then considering in turn the data 
for the Early Cretaceous and Late Cretaceous Epochs (Fig.6.3.1). The 
reconstructions were obtained after superimposing the palaeomagnetic 
poles on the present rotational pole. This was achieved by applying 
a rotation of (90-X)° about a pole on the equator at (90+9)°E (where 
X°, 0° are the latitude, longitude of the palaeomagnetic pole in present 
day co-ordinates). For the Late Triassic to Middle Jurassic 
reconstruction, the mean of all the palaeomagnetic poles for the Gondwana 
continents has been used while for the Early and Late Cretaceous 
reconstructions, the individual pole positions for each block have been 
used. Although there is no Late Cretaceous palaeomagnetic poles for 
Australia, the early Tertiary pole of McElhinny et at (1974a) has been 
used. This may produce a small error in the orientation and palaeo- 
latitude of Australia for the Late Cretaceous reconstruction and 
interpolation between the Early Cretaceous and early Tertiary pole 
positions (similarly to that used by Sclater and Fisher, 1974) should 
give a more accurate, but not very different result. There is also 
no Late Cretaceous palaeomagnetic pole for South America which has been 
plotted similarly to the 75 My reconstruction based upon sea-floor 
spreading by McKenzie and Sclater (1971). Cretaceous pole positions
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from Antarctica are from west Antarctica which is not thought to relate 
to the stable regions to the east (Schopf, 1969). They have therefore 
not been used. Sea-floor spreading shows that Antarctica did not 
break off from Australia until about 43 My ago (Le Pichon and Heirtzler, 
1968) which implies that until that time, pole positions from 
Antarctica and Australia should be similar when compared in their pre­
drift positions. Consequently, the pre-drift relationship of Antarctica 
and Australia is retained throughout the Cretaceous.
Having established the palaeoposition of each block with respect 
to the pole at that time, it becomes rather subjective as to where the 
blocks should fit with respect to each other since longitudes remain 
indeterminate. Obviously, areas of continental material, older in age 
than that of the reconstruction age, provides a constraint on the 
possible configurations. The probable positions of continents places 
another restriction on the possibilities since a reasonably smooth 
motion of the continents between their present positions and Gondwana 
positions is preferred over erratic motion.
The Early Cretaceous reconstruction (Fig.6.3.1) shows that Africa 
underwent a 10° clockwise rotation between the Middle Jurassic and this 
time, although its latitude remained approximately the same. Eastern 
Gondwanaland has clearly separated from Africa by the Early Cretaceous 
and there is evidence that India has broken off from the Australia/ 
Antarctica unit although the difference in palaeo-latitudes may reflect 
the error in the pole positions determined. The evolution of the east 
central Indian Ocean has been investigated by Sclater and Fisher (1974) 
who suggest that India started to separate from Antarctica in the mid- 
Cretaceous which is in agreement with the palaeomagnetic data. The gap 
left between Madagascar and India might also be explained by the error 
in pole positions although it does appear to have moved southward with
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eastern Gondwanaland. The study of marine magnetic anomalies from 
around Madagascar (McKenzie and Sclater, 1971; Sclater and Fisher,
1974; Schlich and Fondeur, 1974; Schlich, 1974 and Schlich et dl3 
1974) while not clarifying where Madagascar should be placed in 
Gondwanaland, show that it has not occupied the position suggested from 
palaeomagnetic studies (Embleton and McElhinny, 1975; McElhinny and 
Embleton, 1976; Razafindrazaka et al3 1976 and McElhinny et dl> 1976) 
for at least the last 90 My. This is in agreement with the palaeomagnetic 
reconstruction given here. The oldest Mesozoic marine sediments along 
the East African coast are Upper Triassic to Lower Jurassic in North 
Kenya and North Madagascar and Lower to Middle Jurassic in Tanzania 
and South Madagascar (Arkell, 1956) suggesting that initial rifting 
moved from north to south.
South America has rotated clockwise by a larger amount than has 
Africa from which, consequently, it must have broken away. This is 
in agreement with the results of Maxwell et al (1970) from deep-sea 
drilling indicating that the South Atlantic is probably about 130 My. 
Upper Jurassic to Lower Cretaceous sediments on the margins of Africa 
and South America show that a marine incursion accompanied initial 
rifting in the Late Jurassic.
This model proposes that a U-shaped ridge system encircled 
southern Africa at the close of the Jurassic and beginning of the 
Cretaceous. A triple junction may also have existed south-west of 
India with an east west running ridge developing between India and 
Antarctica.
By the Late Cretaceous this east west ridge was well established 
and India had rotated anti-clockwise 30°-40° while drifting northward. 
Madagascar had apparently continued to move southward and by this time
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was probably very close to its present day position with respect to 
Africa. An interesting feature of this reconstruction is the alignment 
of western India with eastern Madagascar which suggests that transform 
faulting may be responsible for these unusually linear features.
McKenzie and Sclater (1971) separate India and Madagascar by about 10° 
of longitude in their 75 My reconstruction which cannot be tested using 
palaeomagnetic poles alone. One difference which does appear to be 
significant, between the McKenzie and Sclater 75 My reconstruction and 
the Late Cretaceous reconstruction proposed here however, is the 
orientation and palaeolatitude of India. McKenzie and Sclater indicate 
India in a more northerly position (north of 30°S) with an orientation 
not unlike that for the Early Cretaceous reconstruction proposed here. 
Africa is also placed in a more northerly position in the McKenzie and 
Sclater reconstruction but this may be partly offset by centering their 
projection about a younger palaeomagnetic pole than they have. The 
pole used by them is the Australian Cretaceous pole position after 
Irving (1964) . The age of this pole position actually straddles the 
Early to Late Cretaceous boundary (93-104 My) and is in fact used as 
the Early Cretaceous pole positions in the reconstruction used here.
The dispersal scheme summarised by Luyendyk (1974) on the basis 
of DSDP results and magnetic anomalies is in reasonable agreement with 
that proposed above although the timings are apparently slightly 
different. In particular the rifting of Africa and Antarctica occurred 
in the mid-Cretaceous to Late Cretaceous according to Luyendyk, while 
here Africa and Antarctica are shown to have separated by the Early 
Cretaceous. This might be explained by the fact that the Australian 
pole position used (which is more closely mid-Cretaceous than Early 
Cretaceous) has been also used for Antarctica as previously discussed. 
Luyendyk shows the opening of the central Indian Ocean to have occurred 
in the Late Cretaceous and Palaeocene while the palaeomagnetic data
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suggests this may have occurred earlier, in the mid- or Early 
Cretaceous with Madagascar rifting from India.
In conclusion it can be said that although some small 
discrepancies exist (which might only reflect experimental errors) 
the overall picture of the early evolution of the Indian Ocean is 
enhanced by incorporating palaeomagnetic results.
6.4 PALAEOMAGNETISM AND PANGAEA
Since the fit of the continents around the Indian Ocean 
according to the geometric methods by Smith and Hallan is so strongly 
supported by palaeomagnetism, it should be interesting to test the 
geometric fit between the continents comprising Laurasia and the 
reconstruction of Pangaea (Bullard et als 1965). Runcorn (1956, 1962 
and 1965) first showed beyond reasonable doubt that the APW paths, 
from about mid-Palaeozoic to mid-Mesozoic times for Europe and North 
America are different when compared in present day co-ordinates.
Hospers and Van Andel (1968) concluded that the two paths could be 
made to coincide by a rotation of 40° about the pole of rotation given 
by Bullard et at (1965), who used a corresponding rotation of 38° to 
close the Atlantic. Consequently the North American poles and European 
poles for the mid-Palaeozoic to the mid-Mesozoic can be combined to 
define an APW path that can then be compared with the APW path determined 
from the Gondwana continents (Section 6.2). Only data from west of the 
Urals has been used because there is evidence that data from east of 
the Urals represents a separate block throughout the Palaeozoic 
(McElhinny, 1973). The pole positions listed in Appendix II have been 
derived from the Geophysical Journal pole lists published by Irving 
(1960-1965) and McElhinny (1968-1976), the third issue of the catalogue
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of poles by Irving et al (1976) and the three issues of USSR data by 
Khramov (1971, 1973 and 1975). The poles have been grouped according 
to the time ranges used to group the Gondwana poles, to facilitate 
their direct comparison (Fig.6.4.1).
Late Silurian to Early Devonian poles from the British Isles are 
derived from the Caledonides which could explain their apparent 
difference from equivalent pole positions from Norway and western USSR. 
The British results are therefore plotted separately. Similarly the 
combined western Europe and western USSR results appear to be different 
from the North American results for this period. Although the large 
uncertainties in these pole positions prevents their definite 
distinction, they are plotted separately to be consistent with views 
concerning the existence of a proto-Atlantic Ocean (Wilson, 1966 and 
Dewey, 1969). The remaining four pole groups representing Euramerica 
(western USSR, Europe and North America) are well defined (Appendix II) 
and are consistent with the Bullard et al (1965) model. They indicate 
the steady northward drift of this block throughout the late Palaeozoic 
and Mesozoic.
Comparing this APW path with that of Gondwanaland on the basis of 
the Bullard et al (1965) reconstruction (Fig.6.4.1) it is evident that 
the Euramerica and Gondwana paths do not match exactly although they 
show similar trends. The path from Euramerica is consistently displaced 
to the west of the Gondwana path. Because of the errors associated 
with the Late Silurian to Early Devonian and the Middle Devonian to 
Early Carboniferous pole groups from both Euramerica and Gondwanaland, 
no concrete statement can be made concerning the juxtaposition of these 
two landmasses then except that while the Bullard et al (1965) fit cannot 
be discounted for the Middle Devonian to Early Carboniferous, the pole 
positions for the Late Silurian to Early Devonian suggest that the two 
landmasses may have been separated at this time.
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PANGAEA
Fig.6.4.1 Pangaea Apparent Polar Wandering (APW) for the mid- 
Palaeozoic to the mid-Mesozoic using the palaeomagnetic results 
listed in Appendices I and II, the Bullard et al (1965) model 
for reconstructing the continents around the Atlantic Ocean and 
the Smith and Hallam (1971) model for reconstructing the continents 
around the Indian Ocean (computer drawn linear polar projection).
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By far the best defined pole groups from Euramerica and 
Gondwanaland are for the Permo-Carboniferous, Permo-Triassic and Late 
Triassic to Middle Jurassic time intervals. These groups show quite 
clearly that the Bullard et at (1965) fit gains little support from 
palaeomagnetism except perhaps for a Late Triassic to Middle Jurassic 
reconstruction. This has been noted by Van der Voo and French (1974) 
who propose an alternative fit by rotating Gondwanaland 20° clockwise 
about a pole of rotation in the southern Sahara. Le Pichon and Fox 
(1971) suggest that geology accords better if Africa is rotated 10° or 
more in a clockwise direction. Although this results in a closer 
agreement between the two APW paths there are a few exceptions. They 
note that the Late Permian South American poles are located 15° away 
from the Late Permian mean pole of the northern continents but attribute 
this to possible age discrepancies between the rock units concerned. 
Similar discrepancies appear when the data set in Appendix I are used.
In particular the angular separation of the P-C and P-'R groups are 
different on each path. Since these data are derived from all the 
Gondwana fragments, these secondary differences might be real, which 
suggests that Euramerica and Gondwana were in relative motion at this 
time. If this was so then the approach used by Van der Voo and French 
(1974) is strictly incorrect because the comparison of APW paths of 
continents in relative motion can lead to erroneous conclusions. It 
should be noted that Roy (1972) came to a similar conclusion when 
comparing North American data with Western European and USSR data.
There was apparently a 20° difference in the Triassic pole groups when 
the Bullard et at (1965) reconstruction was adopted. However, if the 
pole groups used here are examined the Permo-Triassic group from North 
America falls between those from Western Europe and Western USSR. The 
significance of the difference between the latter two of these groups 
is not known since Western Europe and Western USSR are thought to have
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formed contiguous regions since at least the early Palaeozoic.
Apparent polar wandering during the Permo-Triassic (as suggested from 
Australian data) might explain this, although a finer subdivision of 
the data does not resolve the difference. If Roy (1972) is correct 
then the analysis used here is strictly incorrect although probably 
quite adequate to view the much larger anomalies incurred by adding 
Gondwana data to the Bullard et al (1965) fit. It is interesting that 
the analysis by McElhinny (1973) of North American data distinguishes 
between Early and Late Triassic results indicating apparent polar 
wandering during those times. The alternative fit of Van der Voo and 
French is unlikely to be grossly wrong since the overall APW paths 
are brought into much closer proximity and the geological arguments by 
Le Pichon and Fox (1971) and Van der Voo et al (1976) favour a 
modification of the fit of Bullard et al (1965) . This fit was achieved 
by using 'the 500 fathoms (-1,000 m) contour for purely geometric 
reasons, because this gives the best fit and usually lies on the steepest 
part of the continental slope and is therefore well defined' - Hallam 
(1976). Bullard et al (1965) specifically note that while the fit 
between the continents about the North Atlantic (Europe, Greenland and 
North America) and the fit between the continents about the South 
Atlantic (South America and Africa) 'appear striking', the fit between 
the two blocks thus produced 'is somewhat less convincing'.
Another fit between North America and Africa that has been 
suggested (Le Pichon, 1968) is due to the interpretation of the Quiet 
Magnetic Zone in the Atlantic as subsided continental material.
However, the APW paths for Gondwanaland and Euramerica are more 
conflicting if this fit is adopted than they are using the Bullard et al 
(1965) fit. It is also worth pointing out that the differences in the 
APW paths cannot be reconciled by an expanding Earth. On the contrary
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the mismatch is worse because the paths become further separated on 
an Earth of a smaller radius. For a similar reason the far-sided 
effect observed in the Upper Tertiary and Quaternary data (Wilson and 
Ade-Hall, 1970) cannot be the cause.
From the above reasoning the most plausible configuration of the 
continents throughout the late Palaeozoic appears to be similar to the 
alternative fit proposed by Van der Voo and French (1974). It seems 
probable however, that Gondwanaland and Euramerica may never have 
formed a single unit but were actually in relative motion throughout 
the late Palaeozoic to mid-Mesozoic times. The convergence of the APW 
paths (Fig.6.4.1) is evidence that the blocks approached the Bullard 
et at (1965) reconstruction in the Late Triassic to Middle Jurassic.
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A p p e n d ix  I I
MIDDLE PALAEOZOIC-MIDDLE MESOZOIC SOUTH PALAEOMAGNETIC
POLE POSITIONS
Age N L a t
(°S )
Long
C°E) A95(°)
WESTERN EUROPE
S
u " Dl 2 6 8 7 . 8  
w r t  A f r i c a
20.0
21.8
3 3 9 . 5  4 . 8
22.0
tO tO 
• H  <D
+-> l~H
•H  10 
f n  »— i 
CQ
6 5 2 . 6
w r t  A f r i c a
2.1
1 4 . 5
3 1 8 . 0
3 5 3 . 3
9 . 3
( I  5 - 1 7 1 , - 1 7 2 ;  M 8 / 1 2 4 , 1 2 6 ,  1 0 / 1 2 9 ,  1 2 / 1 3 8 , 1 3 9 ,  1 4 / 3 7 3 )
D
m
13 3 1 . 3
w r t  A f r i c a
2 2 . 7
2 5 . 3
3 3 7 . 1
21.0
7 . 5
( I  5 - 8 1 , - 1 4 6 ;  M 1 / 9 7 , 9 9 - 1 0 1 , 1 0 2 ,  8 / 1 1 8 ,  1 2 / 1 3 4 ,  1 4 / 3 5 3 , 3 5 4 ,  
3 5 8 , 3 5 9 , 3 6 2 , 3 6 3 )
P-C 53 2 4 . 6  4 2 . 3 3 4 2 . 2  4 . 0
w r t  A f r i c a 4 0 . 3  3 7 . 3
( I  6 - 1 3 1 , - 3 0 5 , - 3 1 1 , - 3 1 2 , - 3 1 3 , - 3 1 4 , - 3 1 5 , - 3 2 4 , - 3 5 5 ,  
7 - 2 7 5 , - 2 9 5 , - 3 1 5 ;  M 1 / 9 6 , 1 0 3 , 1 0 3 ,  2 / 3 6 , 3 7 ,  5 / 3 6 , 3 7 , 4 7  
8 / 8 7 ,  9 / 7 6 , 1 1 9 ,  1 0 / 1 0 7 , 1 0 8 , 1 0 9 , 1 1 1 , 1 1 2 , 1 1 3 ,  1 1 / 7 0 , 7 1 , 7 7 ,  
1 2 / 1 1 9 ,  1 4 / 3 1 0 , 3 1 1 , 3 1 2 , 3 1 3 , 3 1 4 , 3 1 5 , 3 1 6 , 3 1 7 , 3 1 8 , 3 1 9 , 3 2 4 ,  
3 2 5 , 3 3 4 , 3 3 8 , 3 4 1 , 3 4 7 , 3 4 8 , 3 4 9 , 3 5 0 )
C o n t i n u e d . . .
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Appendix II
MIDDLE PALAEOZOIC-MIDDLE MESOZOIC SOUTH PALAEOMAGNETIC 
POLE POSITIONS (Continued)
Age N K LatC°S)
Long
C°E) A95(°)
WESTERN EUROPE (iContinued)
P-"R 11 55.8
wrt Africa
44.9
49.8
323.2
23.3
6.1
(M 1/63,78-80,81, 8/83, 12/110, 14/292,307,308,320,321,326)
2 2288.8 
wrt Africa
(1/64, Irving, 1964)
WESTERN USSR
S -D_ u 1 3 7.4
wrt Africa
(K 9-16, 10-01,-14)
D -C. m 1 11 9.1
wrt Africa
43.5
53.6
22.0
25.3
30.7
28.5
312.4
12.4
334.9
18.5
345.1
32.4
(K 8-8,-12,-13,-14, 9-01,-02,-03,-04,-05,-16,-20)
5.2
48.7
9.1
Continued...
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A p p e n d ix  I I
MIDDLE PALAEOZOIC-MIDDLE MESOZOIC SOUTH PALAEOMAGNETIC 
POLE POSITIONS (Continued)
Age N K (og)
Long » r o-v
( ° E )  A9sC )
WESTERN USSR (iContinued)
P-C 19 3 8 . 2  3 8 . 8 3 4 9 . 1  5 . 4
w r t  A f r i c a  3 4 . 1 4 0 . 5
(K 7 - 0 5 , - 1 1 , - 1 4 , - 1 9 , - 2 0 , - 2 1 , - 2 2 ,  8 - 0 1 , - 0 2 , - 0 3 , - 0 4 , - 0 5 , - 0 6 ,  
- 0 7 , - 0 9 , - 1 0 , - 1 1 , - 5 1 , - 5 2 )
P-'R 32 6 0 . 5  4 7 . 4 3 4 3 . 4  3 . 2
w r t  A f r i c a  4 3 . 5 4 2 . 3
CK 6 - 0 6 , - 0 8 , - 1 0 , - 1 1 , - 1 2 , - 1 3 , - 1 4 , - 1 5 , - 1 6 , - 1 7 , - 3 0 , - 3 1 ,
7 - 0 1 , - 0 2 , - 0 3 , - 0 4 , - 0 5 , - 0 7 , - 0 8 , - 0 9 , - 1 2 , - 1 3 , - 1 5 , - 1 6 , - 1 7 , - 2 3 ,
- 2 4 , - 2 5 , - 2 6 , - 2 7 , - 2 8 , - 2 9 )
K - J  7 2 5 . 8  8 1 . 1u  m 3 3 4 . 9  1 2 . 1
w r t  A f r i c a  6 4 . 8 9 0 . 3
(K 5 - 0 4 , - 0 5 , - 0 6 , - 1 1 , - 2 3 , - 2 4 ,  6 - 0 1 )
NORTH AMERICA
S -D 3 1 4 . 9  2 7 . 9u 1 3 0 8 . 7  3 3 . 1
w r t  A f r i c a  2 5 . 5 3 2 . 8
CM 1 / 1 1 7 ,  8 / 1 2 3 ,  9 / 1 2 5 ) C o n t i n u e d . . .
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Appendix II
MIDDLE PALAEOZOIC-MIDDLE MESOZOIC SOUTH PALAEOMAGNETIC 
POLE POSITIONS {Continued)
Age N K (Og) A95(°)
NORTH AMERICA {Continued)
Dm 5 17.5 38.9
wrt Africa 33.3
312.4 18.7
42.4
(I 5-115; M 1/106-107, 14/364,365,367)
P-C 20 84.8
wrt Africa
36.5
33.6
306.6
36.8
3.5
(I 6-172,-173,-174,-240,-309; M 1/108, 8/88,95-97,99,100,101,113, 
9/98, 10/105,106,115,119,120, 11/76,78)
P-H 20 65.4 53.4 288.4 4.0
wrt Africa 54.9 37.2
(I 7-215; M 3/32-44,45-54, 9/51,52,53-54,65, 10/96, 
11/58,59,65,67, 13/47,52, 14/295,296,297,298,299,331)
H  -Ju m 31 29.8
wrt Africa
67.5 276.7
67.0 56.4
4.8
(M 1/67, 5/34,35, 8/61,68,69, 9/47,49,50, 10/88,89,90, 
11/44, 14/242,246,247,255,256,259,260,261,276,277,278, 
279,280,281,282,283,284,285)
Continued...
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Appendix II
MIDDLE PALAEOZOIC-MIDDLE MESOZOIC SOUTH PALAEOMAGNETIC
POLE POSITIONS {Continued)
Age N K Lat(°S)
Long
(°E) a 95(°)
LAURASIA
uü
S -D a)P h 5 14.6 21.1 336.8 20.6ULu co 3 coW wrt Africa 23.9 20.0
3= 2E
3 14.9 27.9 308.7 33.1
in
wrt Africa 25.5 32.8
D -C m 1 29 22.7 ' 28.8 28.8 5.7
(wrt Africa)
P-C 92 26.5 37.6 37.8 2.9
(wrt Africa)
P-T* 63 42.7 48.5 37.8 2.7
(wrt Africa)
H -J u m 40 24.2(wrt North 
America)
68.6 277.5 4.6
wrt Africa 67.1 59.6
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